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METAL FILAMENT LAMPS 


BY JOHN W. HOWELL 


The first commerical metal-filament lamp was the osmium 
lamp, the filaments of which were made of osmium. They had 
a good commercial life at 1.5 watts per c-p., and were used in 
considerable quantity in Vienna and Berlin where they were 
made. They were not shipped to distant points, as the filaments 
were very fragile, and the metal osmium was so valuable that it 
was desirable to recover all the lamps after they had burned out. 

The tantalum lamp appeared on the market in Germany in 
1905 and in this country in 1906. The filament is drawn 
tantalum wdre. This wire has a tensile strength greater than 
steel; it has a very high melting point, about 2S00 deg. cent, 
according to Drs. Waidner and Burgess. It has radiating 
characteristics which make it an efficient light giving body. 
These qualities make it an excellent metal for use in filaments 
and these lamps have good commercial lives at 2 watts per c-p. 
- The strength and flexibility of the filament prevents breakage 
in shipment and adapts the lamps for use wherever they are 
subject to handling or rough usage of any kind. This valuable 
quality has enabled the use of tantalum lamp to increase rapidly 
while in direct competition with the tungsten lamp which 
operates at a much higher efficiency. The physical structure 
of the tantalum wire changes with use; it loses its smooth uni¬ 
form surface and becomes rough, offset and brittle. This change 
takes place more rapidly on alternating current than on direct 
current. The cause of it is not definitely known, 

■ Tungsten lamps were first placed on the market in this country 
about the beginning of 1907. They were sold in Europe in 
September 1906. The development and production of these 
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lamps since that time has been very rapid, and in 1909 about 
10,000,000 lamps were sold in the United States. This great 
commercial ^ success of the tungsten lamp and the very inter¬ 
esting physical characteristics of the tungsten filament are the 
reasons for the presentation of this paper. 

Tungsten lamps when first introduced were rated at 1.25 
watts per c-p. The announcement of this figure created an 
immediate interest in the lamp; lamp users anticipated a great 
reduction in their bills for current; current sellers feared this 



same reduction; lamp engineers and those with 'scientific in¬ 
terest in lamps were most keenly interested, for to them a lamp 
TOth normal life at 1.25 watts per c-p. meant a lamp over 200 
times as good as the standard carbon lamp. This figure repre¬ 
sented to them the relative quality value of the new lam p when 
compared with the old standard carbon lamp. 

Those who have used tungsten lamps with the object of re¬ 
ducing their bills have done so successfully, for if tungsten lamps 
are used to replace carbon lamps, candle for candle, a very ma¬ 
terial economy is effected and also much better lighting secured 
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due to the much better color of the light and its much greater 
uniformity throughout the life of the lamp. Other users of the 
tungsten lamp have utilized the superior efficiency of the lamps 
to greatly increase the amount of light used while keeping the 
expense about what it was previously. Generally, however, a 
course between these two has been followed, the amount of 
light being materially increased and the cost of lighting also re¬ 
duced; and experience has demonstrated that at current prices 
for electricity and lamps, the tunsten lamp will give much more 
light than will carbon lamps and at the same time reduce the 
cost of lighting. 

The fears of current sellers that their income would be re¬ 
duced by the introduction of tungsten lamps have not been 
realized, on the contrary, their income has been increased by the 
rapid extension of their business into new fields which were 
opened by the superiority of the new lamps, and by the avail¬ 
ability of the larger sizes of lamps which, with carbon filaments, 
were not successful. 

The first tungsten lamps sold in this country were high candle- 
power, thick filament lamps. There were two reasons for this: 
the filaments were more easily made than were thinner filaments, 
and the field of high candle-power lamps had been very im¬ 
perfectly filled by carbon lamps. These early lamps consumed 
100 watts and gave 80 candle-power; they gave us what we did 
no have before, good incandescent lamps of high candle-power, 
and they extended the use of incandescent lamps into an un¬ 
occupied field. Since that time both higher and lower candle- 
power lamps have been developed and the adaptability of 
tungsten to the making of all sizes of filaments has been fully 
demonstrated. Lamps are now on the market using currents 

as low as 0.15 ampere and as high as 10 amperes in a single 
filament. 

Tungsten has been a boon to the pocket battery flash light 
business, in which lamps are now used consuming only 0.4 of a 
watt. Lamps using 500 watts and giving 400 c-p. are used in 
large numbers and some 1000-c-p. lamps have been made. 

Lamps of the 220-volt class are also made. They rec^uire 
filaments twice the length of those required in 110 volt lamps, 
and they are therefore more liable to breakage, and are shorter 
lived at the same efficiency, than are the lamps of standard 
voltage. 

Street series lamps taking from to 10 amperes and from 
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6 to 20 volts have short thick filaments and are very long-lived 
and satisfactory lamps. 

Tungsten is one of the heaviest metals known, having a 
specific gravity of about 20. Its melting point is over 3000 deg. 
cent, according to Drs. Waidner and Burgess, which is higher 
than that of any other known metal. Its radiation charac¬ 
teristics are very favorable for its use as a light-giving source, 
for it possesses the quality called selective radiation, a relative 
term which implies that the proportion of its total radiations 
which are in the visible spectrum is greater than that of other 
substances which are considered normal. 

The superior efficiency of tungsten lamps is due to these phy- 



Fig. 2 


sical characteristics of the metal tungsten; namely, its ability 
to remain stable at a very high temperature, and its ability when 
at this high temperature to emit more than the normal propor¬ 
tion of its radiations in the visible spectrum. 

Tungsten has other interesting characteristics; while its melt- 
ing point is very high it oxidizes at a very low temperature— 
(about 300 deg. cent.). It also softens at a very low temperature, 
and filaments which are easily broken when cold can be bent 
permanently into any desired shape at a temperature below the 
oxidizing point. This characteristic is taken advantage of in 
making many filaments of special form, especially in making 
low voltage lamps; many filaments of spiral or helical form are 
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made by winding straight pieces of filament on hot mandrels. 
Similar forms of filaments when made of carbon must be made 
in the desired form before carbonization. 

The change of resistance with voltage in a tungsten filament is 
very interesting, especially when compared with a carbon fila¬ 
ment. The specific resistance cold of carbon is 800 times that 
of tungsten and at normal working temperature it is 33 times 
that of tungsten. 

The low specific resistance of tungsten is a disadvantage in 
making high voltage lamps, making it necessary to use very 
long thin filaments for these lamps. The length of filaments 
for 120-volt lamps ranges from 450 mm. for 20-watt lamps to 



1400 mm. for 500-watt lamps. The disposal of such long fila¬ 
ments within the proper sizes, of bulbs has necessitated a great 
advance in the art and science of lamp making. This advance 
has been made, and lamps of standard voltage are now made 
ranging from 20 watts and 16 c-p. to 500 watts and 400 c-p., 
all of which are well designed and of good quality. 

For low-voltage lamps this low specific resistance is an ad¬ 
vantage, giving more desirable dimensions of filaments for such 
lamps. This advantage has cauvsed a considerable increase in 
the use of low-voltage lamps for many purposes in connection 
with storage batteries, and, has led to The introduction of a resi¬ 
dence lighting systems using 27 and 60 volt laihps, which are 
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used with compensators or transformers on ordinary alternating- 
current circuits. These lamps have shorter and thicker filaments 
than lamps of standard voltage and the same candle-power. If 
filaments of the same diameter are used the filament will be one- 
quarter as long and give one-quarter the candle-power of the 
100~volt lamps; thus, with the same filaments which are used 
in 20-watt, 100-volt lamps, lamps of 25 volts using 5 watts and 
giving 4 c-p. are made. These low candle-power lamps are very 
desirable in residence lighting in places requiring only a little 
light, and in chandeliers and clusters in which ornamentation is 
required as well as illumination. 

If w^e compare lamps of equal candle-power, the 25-volt lamps 
will have filaments 0.4 as long and 2.5 times the diameter of 



those in 100-volt lamps, and the 25-volt lamps will be less easily 
broken by rough handling and wall give longer life at the same 
efficiency. This longer life is due to the greater diameter and 
shorter length of the filament, for a thicker filament is less af¬ 
fected by minute imperfections, and a shorter filament has 
proportionately less chance of containing such imperfections. 

Many lamps are now used in automobile headlights. These 
lamps have short thick filaments, which are not broken by the 
vibrations or jars to v/hich they are subjected, and are very con¬ 
venient sources of light. Ten-candle-power lamps in good para¬ 
bolic reflectors give a very satisfactory light. These require 12 
watts each, and ordinary storage batteries are well adapted for 


their use. 
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These resistance characteristics affect the rates of change of 
the candle-powers, efficiencies and lives of these lamps with changes 
of voltage, and curves are given showing the relative resistance 
changes of carbon and tungsten for a small range of voltage above 
and below the normal operating voltages of the lamps. 

These curves show that in a tungsten filament an increase in 
voltage is met and partly counteracted by an increase in re- 
sistance, while in a carbon filament the resistance remains 
practically constant; consequently any increase in voltage pro¬ 
duces less increase in watts, less increase in candle-power and 
less decrease in life in a tungsten filament than in a carbon fila 

ment. 

It will be observed that an increase of 3.7 per cent in voltage 
will halve the life of a carbon lamp while it requires an increase 
of 5.2 per cent to halve the life of a tungsten lamp 



The cold resistance of a tungsten filament is only one-twelfth 
the resistance at normal operating temperature, consequently 
when first connected to the circuit the current is for an instant 
much greater than the normal current. This excessive current 
is of sufficient duration to cause an instantaneous rise in candle- 
power, which is higher than the normal candle-power, this effect 
has been called overshooting. 

Tungsten filaments as generally made today consist of an 
agglomeration of fine particles of metallic tungsten. These par¬ 
ticles are sintered or welded together by raising the filaments to 
a very high temperature in a reducing atmosphere. This 
sintering is made as complete as the limitation of our knowledge 
of the art permits, and while great improvements have been 
made in this matter the best filaments are still more fragile 
than are carbon filaments. This fragility has been the greatest 
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obstacle met with in the introduction of tungsten lamps, and 
in the beginning, when filaments were much more fragile than 
they are to-day, and when people had not learned the degree of 
care necessary in handling them, and when prices were very 
high, this weakness prevented many people from using the lamps. 
Now, filaments are much stronger, people have learned to handle 
the lamps carefully and prices are lower, so that the sales of 

tungsten lamps are increasing rapidly. 

Flexible mountings for the interior structure of the lamps, 
which protect the filaments to a considerable degree, have been 
designed, and many lamps for railway car lighting and other 
special service are now being made, which have these flexible 
supports, to prevent breakage of the filaments in shipping and 
also in use. 

The latest development which has been publicly announced 
is the drawn tungsten wire filament. This drawn wire has very 
great tensile strength, greater than steel, and can be drawn to 
any desired size. These filaments are very strong and are not 
injured by rough handling. In life and efficiency they are fully 
equal to pressed filaments. 

Tungsten filaments when burning are quite soft and plastic 
and must be supported at points sufficiently near together to 
prevent the filaments sagging and touching each other or the 
glass. Spring supports are used in many lamps designed to 
prevent sagging and they do in fact keep the filaments nearly 
straight under all circumstances. These supports prevent the 
filaments being attracted over against the glass and being broken 
by static electricity which is a frequent cause of trouble with 
carbon lamps. 

The variation of light from a filament.due to the variation in 
current caused by the successive impulses of an alternating cur¬ 
rent depends upon the heat capacity of the filament, the heat 
radiating characteristic and the resistance characteristic. Tung¬ 
sten has a specific gravity, about 10 times that of carbon and a 
specific heat one-fifth as great, so the heat capacity of a tungsten 
filament is about twice that of a carbon filament of the same di¬ 
mensions. The heat radiating characteristic of tungsten is 
better than that of carbon because at a given temperature it 
radiates heat less rapidly than does carbon. 

The resistance characteristic of tungsten is also more favorable 
than that of carbon for the retention of energy and heat as the 
current wave recedes. All these physical characteristics of 
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tungsten are therefore better than those of carbon in respect 
to the retention of heat, and they all tend to make the flicker 
of tungsten lamps less than of carbon lamps of the same size 
filament. 

The actual diameters of tungsten filaments, however, are much 
smaller than those of carbon filaments of the same candle-power 
lamps, and this more than offsets the advantages of the other 
characteristics, for the flickering of tungsten lamps is greater 
than that of carbon lamps of the same candle power, while it 
is much less for lamps with the same size filaments. 

The flicker of a 25-watt tungsten lamp on a 60-cycle circuit 
may be observed by standing with your back to the lamp and 
moving a pencil rapidly back and forth, but I have been unable 
to observe this flicker by ordinary observation. 

The flicker of a 40-watt tungsten lamp on a 60-cycle circuit 
is scarcely perceptible on a moving pencil. 

Lamp Testing 

Lamp testing is an absolutely necessary adjunct to lamp mak¬ 
ing, and it is also a very necessary adjunct to proper lamp using. 
In order to determine the relative quality or value of different 
lamps, it is necessary to compare their lives at the same watts 
per candle-power or else to know the law of the relation of lives 
of lamps to their watts per candle-power, and I know of many 
cases in which inventors and investors have deceived themselves 
by judging the value of lamps when they did not know the rate 
of variation of life with efficiency, or the value of the time ele¬ 
ment in a test on a lamp. 

From the results of experiments made over twenty years ago 
it was deduced that the lives of lamps at different candle-powers 
varied inversely as the 3.65 power of the candle-power. These 
experiments were made on lamps with untreated bamboo fila¬ 
ments. When treated carbon filaments came into use a great 
many experiments were made to determine whether or not this 
same exponent was true for them. The conclusion was that the 
same exponent should be used for both types. 

Again when metal filament lamps became established the same 
question arose, and now comparisons have been made upon large 
numbers of lamps at different candle powers, each comparison 
being made between lamps of the same type, and the result of 
these comparisons indicates that the same exponent which is 
used for carbon filament lamps is also the proper one for lamps 
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with metal filaments. In order to determine such a law it is 
necessary to make comparative tests upon a great many lamps, 
for it is impossible to get lamps so perfect that they each 
show the proper relative life to all the others. Averages 
must be used, and the law must be an empirical one. The 
exponent we have determined may simply indicate the relation 
between lamps of the usual degree of imperfection, but its per¬ 
sistence for so many years is remarkable, and we believe that it 

applies to all types and sizes of lamps which are well designed 
and well made. 



From this relation between life and candle-power we can de¬ 
termine the relation between life and voltage, current, watts, 
or watts per candle-power. The relation between life and 
voltage or current depends upon the resistance characteristic 
of the filament and as different types of lamps have very dif¬ 
ferent resistance characteristics, a different relation will be found 
for each type, and these relations are very little used. 

The relation between life and watts or watts per candle-powei 
is very nearly the same for all different types of lamps, because 
the relation of candle-power and watts per candle-power is nearly 
the same for all types. But as it is not quite the same it is 
customary to refer all life relations to the candle-power curve of 
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the lamp for we consider this relation the same for all kinds of 
lamps. 


LIFE FACTORS OR PER CENT LIFE OF TUNGSTEN LAMPS AT VARIOUS WATTS 

PER C. P. 


Watts 
per c.p. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0.1 

— 

— 


— 



II. 

— 

- 


0.2 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0.3 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0.4 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.11 

0.13 

0.15 

0.5 

0.17 

0.20 

0.23 

0.26 

0.29 

0.33 

0.37 

0.42 

0.48 

0.54 

0.6 

0.61 

0.70 

O.SO 

0.91 

1.03 

1.15 

1.28 

1.42 

1.57 

1.74 

0.7 

1.93 

2.13 

2.34 

2.56 

2.79 

3.03 

3.30 

3.60 

3.93 

4.30 

0.8 

4.71 

5.15 

5.62 

6.13 

6.69 

7.31 

8.00 

8.77 

9.63 

10.60 

0.9 

11.70 

12.60 

13.65 

14.65 

15.70 

16.75 

17.85 

19.00 

20.20 

21.50 

1.0 

23.00 

24.50 

26.10 

27.80 

29.50 

31.30 

33.20 

35.20 

37.30 

39.50 

1.1 

41.80 

44.70 

47.65 

50.65 

53.75 

57.00 

60.75 

64.60 

68.55 

72.60 

1.2 

76.80 

80.85 

85.20 

89.85 

94.80 

100.00 

106,50 

113.30 

120.40 

127.80 

1.3 

135.60 

143.00 

151.00 

159.00 

167.00 

175.00 

184.00 

193.00 

202.00 

211.00 

1.4 

221.00 

231.00 

242.00 

253,00 

264.00 

275.00 

286.00 

298.00 

310.00 

322.00 

1.5 

335.00 

349.00 

363.00 

377,00 

392.00 

407.00 

423.00 

440.00 

458.00 

477.00 

1.6 

496.00 

512.00 

531.00 

552,00 

572.00 

595.00 

617.00 

640.00 

666.00 

690.00 

1.7 

717.00 

746.00 

776.00 

807.00 

839.00 

872.00 

905.00 

938.00 

972.00 

1007.0 

1.8 

1043.00 

1081.00 

1120.00 

1160.00 

i201.00 

1243.00 

1285.00 

1327.00 

1370.00 

1413.00 

1.9 

1457.00 

1510.00 

1564.00 

1619.00 

1675.00 

1734.00 

1797.00 

1864.00 

1935.00 

2010.00 

2.0 

2089.00 

— 


— 

— 

— 

— 

— 

— 

— 


This table is made for use with metal filament lamps. It 
shows their lives between 0.4 and 2 watts per c-p. in percentage 
of their life at 1.25 watts per c-p. This table is very useful in 
interpreting life tests made at various watts per candle-power. 

Metal-filament lamps last so long when tested at 1.25 watts 
per c-p. which is their normal rating, that it is customary to test 
them at higher efficiencies. Tests at one watt per c-p. are usually 
made; many tests at 0.75 watt per c-p. are made when quick 
results are desired, and daily factory tests, outside the life-test 
department, at double voltage, are very valuable when properly 
interpreted. 

All tests comparing different types of lamps should be made 
on the basis of their spherical candle-powers, for the ratios be¬ 
tween the spheiical and horizontal candle-powers of lamps is 
sufficiently different to introduce very considerable errors if 
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they are compared on the basis of their horizontal candle-powers, 

as is quite generally done. 

Tungsten lamps of the ordinary 110-volt type have a spherical 
candle-power which is 0.785 of their horizontal candle-power, and 
when taking 1.25 watts per c-p. on the basis of their horizontal 
candle-power are taking 1.59 watts per c-p. on the basis of their 
spherical candle-power. 

Many lamps for 63 volts are used for train lighting, and these 
lamps have a spherical candle-power which is 83 per cent of their 
horizontal candle-power. When taking 1.25 watts per c-p. 
on the usual horizontal rating they are taking 1.5 watts per c-p. 
on basis of their spherical candle-power. If life tested at 
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Fig. 7. 

1.25 watts per c-p. horizontal, these lamps should have 335/477 
or 0.7 as long life as a lamp of the 110-volt class having the same 
diameter filaments and also tested at 1.25 watts per c-p. 

These lamps are tested at 1.25 watts per c-p. horizontal, and 
appear inferior to similar lamps of standard voltage, thereby 
suffering from an improper comparison. 

The relation between horizontal and spherical candle-power 
depends upon the arrangement of the filaments in the bulb. 
As tungsten lamps generally have a number of simple loop fila¬ 
ments arranged in series, the relation will depend upon the 
height and spread of the filaments; the number of filaments in a 
bulb does not affect it. 
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Discussion on ‘‘Metal Filament Lamps”, New York, 

May 17, 1910* 

Clayton H. Sharp: I would refer for a nionient to the im¬ 
portance of the tungsten lamp in street lighting. At tlie present 
time it would seem that our older illuminants tor street lighlmg 
are on the decline. The arc lamp, as we have it, is l)eing supm- 
seded by the more powerful arc lamps which liave inore iecent l\ 
been produced. The series incandescent lam.]) with tlu^ cail)r)ii 
filament, a lamp which never was very sa.tisia,etory lor^ its 
purpose, has been most certainly pushed aside l)y tlie tungsten 
lam.p. Not only this, but the advent of tlie tungsten lamp 
with its high efficiency and long lite and^ favoraliie cohn has 
enabled, the electrical engineer to go into fields of stnnd lighting 
which previously have been |)ractically closed to Inm, a,nd wlneii 



Fig. 1 




have been the exclusive domain of othm* less eoiivenient 
satisfactory illuminants. I wisli to fuiint out furilier 
remains now tlie next stage, whieli is to provitle nieaiis for utilise 
ing more efliciently a.nd satisfaci.orily the flux^ of light wliicli 
the tungsten lamp i>rodutus in order to extcmd its usefulness 
the range of street lighting still further. ^ Hueli jilans h 
under consideration, and I recently had the |.ileasuri* 
sentiug to the Illuminating Engineering Society the 
of a form of reflector tiy which the light whicli under orciin 
circumstances is wasted hy being thrown^ tci the heavens, or 
thrown to tlie sides of the streets where it is not wanted, is 
directed into the dark ]iortiotis of the stn*et, tnidway between 
lamps, where sucli a<lditioiial illuniination is mast desired. 
Along these lines I think the next step in i)rogress is to lie ininhn 
I wish to refer also to another feature of the tungsten lamp 
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which is intimately connected with the over-shooting of current 
at the moment the circuit is closed, due to the large positive 
temperature coefficient. Another thing results from this, 
which is perhaps of academic interest only and that is that the 
change in resistance of the filament during a cycle of alternating 
current necessarily lags somewhat behind the change in electro¬ 
motive force, on account of the thermal capacity of the filament. 
Since the resistance of the filament lags behind the e.m.f., the 
current in it must lead the e.m.f. by a certain small amount and 
the lamp is not strictly non-inductive, but behaves as if it pos¬ 
sessed a certain electrostatic capacity. In an attempt to 
demonstrate this effect, an e.m.f. having an extremely peaked 
wave was built up using the harmonic synthesis set of the 
Electrical Testing Laboratories. This wave form was selected 



so that the effect might be exaggerated as much as possible. 
Wavemeter curves were taken of the e.m.f. and of the current 
in a 25-watt 110-volt tungsten lamp with a frequency of 25 cycles 
per second. This frequency was chosen as being as likely as 
any to give a maximum effect. Too high a frequency would not 
permit the filament to cool enough during the zero portion of 
the wave, whereas, if the frequency were too low, the rate of 
change of e.m.f. on the lamp would be too slow to enable the 
effect to be seen. The curves of current and electromotive force 
are shown in Fig. 1, and the phase angle between them, though 
small, can be clearly appreciated. In order to make the dif¬ 
ference more effective, the tungsten lamp and the carbon lamp 
were connected as the two arms of a W^heatstone bridge, while 
the wavemeter was used to determine the wave form of the 
electromotive force across the diagonal of the bridge This 
gave a wave which is shown in Fig. 2. 
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The resistance variation of the tungsten lamp during the 
cycle was measured, and the minimum value of resistance was 
found to be about 10 per cent less than the maximum value. 
Xhe power factor as roughly calculated was found to be 0.99975. 

John B. Taylor: Dr. Sharp has just been enlarging on what 
he calls a feature of merely technical interest, and that is, a 
slight improvement in power factor due to the substitution of 
tungsten lamps for carbon lamps. 

I think there is a much more practical point directly connected 
with this matter of positive temperature resistance coefficient, 
in the fact that the lamp cold takes a much larger current than 
when in normal service. Resistance curve, Fig. 3, of Mr. Howells 
paper, shows a cold resistance of 50 ohms, and a,hot resistance 
of 650 ohms, or a little more than thirteen times greater. An 
oscillograph actually shows a peak value of current about eight 
times the normal. This difference is due partly to the fact that 
the lamp has risen slightly in temperature before maximum 
deflection of the oscillograph, but mainly to reactance and re¬ 
sistance in the circuit. In practice the initial current may be 
five to eight times the normal value. Usually this large rush of 
current is not important, but imagine the case of a general shut 
down on a large interconnected Edison system. Even with car- 
loon lamps there is difficulty in getting under way again, for the 
reason that all the different substations cannot be connected at 
the same moment, and the ones that come in first get more load 
than they can carry. This difficulty with carbon lamps, will be 
more serious with tungsten lamps. In an isolated plant, if the 
main breaker opens and it is attempted to throw in the load 
again, at this one switch, instead of breaking up the system at 
feeder switches, the generator will be momentarily overloaded 
five to eight times, depending on line drop and other matters. 
This may not be a serious matter with some machines, but it 
cannot be dismissed without investigation. Fuses are not liable 
to blow on account of the short interval of time during which the 
current has the large value, but circuit breakers with less time 
lag may be tripped, and the excess load may cause mechanical 
troubles or flashing at the commutator. These points deserve 
consideration. 

Another point I want to bring out is more academic. Mr. 
Howell says: “ This excessive current is of sufficient duration to 
cause an instantaneous rise in candle-power, which is higher than 
the normal candle-power; this effect has been called “ over¬ 
shooting I believe I am responsible for the term “ over¬ 
shooting ” having used it two years ago when describing the 
effect in one of the technical periodicals* with photographic 
records demonstrating that it is a real “ effect ” and not asmental 
impression. The point I want to make is that the positive tem¬ 
perature resistance coefficient and excess current will not ex¬ 
plain “ overshooting ” unless it can be shown that there is a time 


^Electrical World, April 25, 1908 and May 16, 1908. 
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lag between temperature of a body and its 

temperature is going up very rapidly, perhaps 100,000 degrees cen . 
per second, but that is no reason why, merely because it is rising 
so fast, it should continue rising beyond the ultimate tempera¬ 
ture determined -when balance is reached betwe^ energy radiated 
and conducted away and energy supplied.^ ^ only thing i 
suggested, when I showed the photographic evidence ot 
shooting was that it might be some secondary acticm, pc^sibly 
connected with gases absorbed by the filament, which before 
begin driven out might modify the resistance for a ver}- brief 
time. 1 think the present tungsten lamps do not show the 
“ overshooting ” to the extent that the early ones did. ^ 

Farley Osgood: I think I may be pardoned if I bring up a 
point which is purely financial or commercial. The discussion 
so far has been confined entirely to the physical side of the larnp, 
and the various problems, theoretical and practical, pertaining 
to its improvement in efficiency, but there is another point which 
to my mind is equally important, especially to the users of the 
lamp, who are quite as much to be considered as the makers of 
the lamp. Of course, the manufacturers advocate the use of 
the highest efficiency lamps of the metalized filament type, but 
my experience is that it is still an open question as to whether 
or not the metalized filament lamp is an economical proposition 
for an operating company using a million lamps or more per 
year. The product of metalized filament lamps of the not 
most perfect type, namely, all lamps except tungsten, is still 
so uncertain that the economical average life of such larnps 
does not from a saving standpoint warrant their introduction 
on a free renewal basis by operating companies. Most 
of the operating companies in the country have free re¬ 
newals of the older type of carbon lamps among all con¬ 
sumers of electric current, and although the total average 
of metal filament lamps show such a life as to be equal to 
the carbon lamp, our investigation seems to show that such a 
result is brought about by the unusually long life of some of 
the lamps put under test. A few lamps will give extraordinarily 
long life, and a large proportion of lamps will give not so long 
a life in the life test, so that although the advocates of the use 
of this lamp, namely, the manufacturers, are able to show that 
these conditions are* equal between carbon lamps and metalized 
filament lamps, the operating men are unable to realize it from 
a financial standpoint. If a greater portion of the lamps show 
shorter life, and the equal average life is occasioned by the ab¬ 
normal continuance in service of a few lamps, the expense, 
from an operating company’s standpoint, will increase greatly - 
rather than remain the same. I think it is an open question 
whether the metalized filament multiple lamp should be used 
on a free renewal basis, unless the operating companies decide 
that it is desirable to spend a considerable additional sum for 
incandescent lamps for the sake of the various benefits which 
accrue to the consumer by the use of the metalized filament lamp. 
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In the street lighting service, the condition is almost entirely 
changed. The tungsten filament lamp can be safely said to 
average a life of 1500 hours, so that its use is equal to, or better 
than, the carbon series filament lamp; the renewals are less 
frequent per year, and the financial results, particularly on ac¬ 
count of the lower current consumption, are beneficial to the 
operating company using tungsten lamps for series street lighting 
purposes” But I do not think these facts should be lost sight of 
in the consideration of a more modern or metalized filament 
type of lamp, and I do not think it amiss to bring out at this 
time some of the uncomfortable features of the metalized fila¬ 
ment lanq) as many of the consulting engineers of this Institute 
have before them for decision sucli problems for the companies 
which they represent. 

William L. Nodell: I wisli to add to the information which 
Mr. Howell gives concerning tungsten automobile lieadlight 
lamps. Thesr^ are now made in candleq)ow^ers ranging from 
10 to 25 and 0 ])erate sa.tisfaetorily at the excellent efficiency 
of O.S to 1.0 watts i)er c.p. Tliey are recommended to be used 
at () volts (3 cells of stora<ge battery) thougli lamps suitable for 
other voltages are furnislied. 

Mr. Howeirs i)ai)er may give thci imj)ression that the normal 
cotnmercird rating of t.ungsten lam|)S is still 1.2o watts per c.i). 
This is no longtn' tlie case, tlie elfidency being better in lamps 
of OO watts aiul liiglier, as may 1 >e seen from the tal)le given 
hercwitli, showing the watts ])(‘r candleqiowtn* and life ol)tained 
since tlie 3 volta.ge methotl of rating t.ungsten lanqis has been 
estalilislied: 
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The philosophy of the three voltage plan is that formerly 
applied only to gem lamps. Since May 1, 1910‘this method of 
rating is applied to all incandescent lamps, tungsten, tantalum, 
gem and carbon. A lamp is no longer identified by candle- 
power and watts-per-candle power but is designated by watts; 
the efficiency at which it is to bum being determined by the 
selection of top, middle or bottom voltage. Exceptions to this 
general rule are miniature lamps and the 4 watt per c.p., series- 
burning railway lamp, which will be known, as heretofore, by 
their candle-power. 

Referring again to Mr. Howell’s paper regarding spring sup¬ 
ports to prevent sagging of tungsten filaments; though molyb¬ 
denum supports are being used for this purpose by some manu¬ 
facturers, the alleged benefit to be derived is not sustained by 
the general experience of the majority of manufacturers who 
have, after exhaustive tests with every known method of sup¬ 
port, finally adopted the copper hook at the tip end of the lamp 
as giving the greatest satisfaction, particularly in the 25-watt, 
40-watt and 60-watt sizes. In the larger sizes with heavier 
filaments the spring support is still less necessary and in the 
250-watt lamp practically all manufacturers employ a rigid sup¬ 
port. For a time a center anchor was used in one make of 25- 
watt lamp but this is not now recommended, as the advantages 
expected are not borne out by experience. 

I wish to call attention to a paper on “ Tests of Tungsten 
Lamps ”, by T. H. Amrine and A. Guell, giving the results of 
observations on three types of lamps, two of German manu¬ 
facture, the third American. The results in comparison with 
the two foreign lamps are very much in favor of the home 
product. 

John W. Howell: There is one characteristic of the tungsten 
and carbon lamps which I have omitted to mention in this 
paper, and that is their relative candle-powers per unit of sur¬ 
face. We are all familiar with the intense brightness of the 
tungsten lamp, as compared with the old carbon filament, and 
we know that it is necessary to shade the direct light of the 
filament from our eyes, either by shades or frosted bulbs. As a 
matter of figures, the tungsten filament at its normal efficiency 
is giving twice as much light per unit of surface as the carbon 
filament at its normal efficiency. If the two lamps are placed 
at the same efficiency, the conditions reverse; the carbon fila¬ 
ment is then giving twice as much light per unit of surface as the 
tungsten filament. This is an indication of one of the reasons 
of the efficiency of the tungsten lamp, because when you see a 
carbon lamp giving twice as much light per unit of surface as 
the tungsten lamp, there is a strong physical indication that the 
temperature of the carbon lamp is much higher than the tem¬ 
perature of the tungsten lamp, and it is a fact, at the same 
efficiency, a carbon lamp is much hotter than a tungsten lamp. 
When you examine the same characteristic for a tantalum lamp 
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it is interesting, because the normal efficiency of a tantalum 
lamp is two watts per candle, and at that efficiency the light 
per unit of surface is the same as the carbon lamp, at 3.1. This 
marked difference between tantalum and tungsten indicates one 
reason for the poorer efficiency of the tantalum lamp. 

G. S. Merrill, M. D. Cooper, H. D. Blake (by letter): It is 
well known that tungsten filaments, due to their positive tem¬ 
perature coefficient take more current at the instant of starting 
than after they become heated. The engineering department 
of the National Electric Lamp Association recently conducted 
a series of experiments to determine whether this initial current 
rush has the effect of decreasing the life of the lamps. Three 
lots of tungsten sign lamps, 6 lamps in each lot, were placed on 
test—the first lot was burned continuously, the second lot was 
flashed 3 times per minute and the third lot was flashed 30 times 
per minute. It was found that there was a slight decrease in 



Fig. 1 


life with the lamps that were flashed, but that this decrease wa^ 
so slight as to be practically negligible. The curve of Fig. 1, 
plotted between frequency of flashing and the per cent of normal 
total life, shows a decrease of about 6 per cent in life up to 
35 flashes per minute. For higher frequencies the life rises toward 
normal value. This test, due to the small number of lamps 
used, is not, of course, absolute proof that the initial current rush 
may not have a greater effect in decreasing the life, but it in¬ 
dicates that the effect is not as great as might be supposed. 

That the above should be the effect becomes evident on con¬ 
sideration of the “ cooling curves ” given in Fig. 2. These 
curves show the per cent of cold resistance of tungsten lamps 
at various time intervals after the lamp has been turned off. 
If the lamp is allowed to cool completely before being again 
lighted, the initial current rush will be as severe as at the first 
lighting. If, however, it is turned on when the resistance is 
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still considerably above cold value, the current will not to 
as high an initial value. For instance, if a sign lanip is ilashed 
six times per minute (5 seconds on, 5 seconds off), it will be re¬ 
lighted when the resistance is still times the cold value, 
and as the hot resistance is about ten times the cold value, we 
would expect only about one-fourth as great a rush of current as 

when the lamp had fully cooled. ^ 

Flashing at very high frequencies would correspond to opera¬ 
tion on alternating current, which would give the same life as 
wdien burned without interruptions. 

Mr. Howell’s mention of spring supports brings up the question 
of the adaptability of tungsten lamps to burning in a horizontal 
position. The complaint is sometimes made that tungsten 
lamps do not prove satisfactory when burned horizontally be¬ 
cause the filaments sag. 



Fig. 2 


The sagging filament in a horizontally burning lamp will con¬ 
form closely to the catenary curve, for the filament is compara¬ 
tively heavy and after continued heating will respond to the force 
of gravity nearly as well as a perfectly flexible string or chain. 

The accompanying curves were derived on the assumption of 
this catenary curve. The equation of the catenary is: 


y = cosh 


and in this form the y intercept 
is 1. For a given distance, D, 
between supports, the sag will be 

D 



Fig. 3 


5 = cosh 


2 


1 
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, ^ 100 ^ 2 
or the per cent sag = ^ - 

Fig. 3 shows in an exaggerated manner, the way in which a 
filament will droop and as there shown, D is only the distance 
between the ends of the freely sagging portion of the filament. 
Due to the rigid weld at the base, the whole filament will not 
sag freely, hence D will not be the whole of the distance between 
supports. 

The slope of the curve will be 


d y 
d X 


— sinh X 


The angle 0, which the filament makes with the horizontal 
through the end of the freely sagging portion will be given by the 
equation, 



If the weight of the filament is W, the supporting force F will 
be given by 



from which 


F 

IF 


1 


sin tan^' cosh 




K'a 


Using the parametric equations (2) and (3), curve A of Fig. 4 
was plotted, showing the “ stress ratio ”, F/TF, for any given 
sag. 

When a lamp hangs vertically, the maximum force is equal 
to the weight of the filament, hence the above ratio is the same 
as the ratio between the filament stress when the lamp burns 
horizontally and that when it bums vertically. 

To investigate the effect of contraction on cooling, it is neces¬ 
sary to get some relation between length of filameht and corres¬ 
ponding sag. 
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The total length L is given by the equation 



( 4 ) 



Using this equation in connection with (2), curve H was plotted 
showing the per cent sag for a given value of L, expressed as a 
percentage of £>. 

A point on curve A shows the stress in a horizontally burning 
filament _ for a given sag when the lamp is burning. At the 
same point, the ordinate or curve S shows to what extent this 
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stress is increased by the shrinkage of the filament on turning 
off the lamp. In deriving this second curve a shrinkage of 0.8 per 
cent was used, as determined by experiment. Curve B was de¬ 
rived from ^4 as follows: For example, at 8.8 per cent, sag L is 
102 per cent of D. On turning off the lamp, L decreases 0.8 per 
cent, hence the sag will be reduced to 6.8 per cent, corresponding 
to a stress ratio of 1.90, which is plotted over the “ hot sag ” 
of 8.8 per cent. 

The curves show that a certain amount of sag is necessary if 
excessive filament stresses are to be avoided. If a lamp were so 
designed that when burning horizontally the filament would sag 
but 7 per cent, the stress would be 1.85 times as great as when 
burning vertically, and when turned off, the stress ratio would 
rise to 3.0. 

The effect of burning a lamp is to cause the filament to disin¬ 
tegrate gradually. This disintegration, moreover, is not abso¬ 
lutely uniform, but is liable to localize at any weak points on the 
filament, if such there are. As the lamp continues to bum, 
the weak spots disintegrate more and more rapidly, till they can 
no longer withstand the imposed mechanical stress and a bum- 
out results. It is therefore apparent that, although the fila¬ 
ment as a whole could withstand a stress many times greater 
than its weight, yet, due to its non-uniform disintegration, an 
early burnout will be the inevitable result of insufficient sag and 
consequent high stress ratio. 

A number of lamps, of the 25, 40 and 60-watt sizes and of the 
most recent design, showed from 10 to 15 per cent sag after they 
had burned for some time. The curves show that for this range 
of sag, the filament stress ratio, even when cold, will not rise 
above 1.60. 

The curves cannot be rigorously applied to lamps larger than 
the 100 watt, for in these the filaments are larger and stiffer 
and do not sag freely. 

The investigation of the flickering of incandescent lamps on 
alternating current can be separated into two divisions; first, 
the determination of the effect on the cyclic variation in candle- 
power produced by varying the size, length and material of the 
filament; and second, the determination of the relations between 
cyclic variation in candle-power, intensity of illumination, and 
“ critical frequency ” (or the frequency'at which the sensation 
of flicker just disappears). 

We have recently conducted some experimental work on the 
second division of the subject—the relation between cyclic 
candle power variatibn, illumination intensity and critical 
frequency. We found that for a cyclic variation M, equal 

, variation in c.p. , -n • r • r . n 

to- - —, and an illumination i, in foot candles, the 

max. c.p. 

critical flicker frequency/, in cycles per second (twice the current 
frequency) is given by the relation 

/ = 43 (/ M) 
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The constants in this equation were derived from five sets of 
data taken by two different observers, and the average devia¬ 
tion from the mean is about 7.8 per cent for each constant. 

The cyclic variation in illumination was produced by a vane 
rotating at variable speed in a beam of light. In front of the 
vane was an opaque screen with a hole in it, the hole being cov¬ 
ered with a ground glass diffusing plate. By using vanes of 
different sizes, we obtained different ratios of variable to maxi¬ 
mum illumination. The flicker was viewed on the test plate of 
an illuminometer placed eight inches from the ground glass. 
Simultaneous readings were taken of the illumination and of 
the speed of the rotating vane at which the flicker sensation 
disappeared. 

The rotating vane'gives a cyclic variation in illumination about 
like the following curves: 



Experiments show that the cyclic variation in candle-power of 
a lamp on alternating current very closely approximates a sine 
wave raised up above the axis. Dr. Kennelly conducted some 
experimental work on flicker using cyclic light waves of the 
following shapes, and his results tend to show that the critical 


I n n 


frequency is a function only of the maximum and minimum 
illumination, and is not affected by wave shape. His equations 
when put in the form expressed above, agree closely with ours 
His results were published in the 1907 Proceedings of the Nationai 
Itlectnc Light Association. 

The question of flicker comes up most often in connection 
wth the operation of metal filament lamps on 25 cycle current 
Letting / m the above equation be 50 (the flicker frequency 
corresponding to a current frequency of 25 cycles) there results 


IM = 3.18 

The table below is computed from this equation and shows 

InwawT^th^ peimissible cyclic variation in candle-power al- 
^ intensities of illumination. If in any 

case the variation is greater than that given in the table a 
flicker wll be perceptible. With an ill„L,ati™ of iS thm 
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about 3 foot candles, flicker will not be discernible, no matter 
how great the cyclic variation. 


Intentisy of 
illumination 

I 

Maximum allowable cyclic variation on 
25-cycle current 

M 

10 . 

... 31.8% 

8 . 

. 49.8 

6 . 

. 53.0 

5 . 

. 63.6 

4 .. 

. 79.5 

^ IS .. 

.100.0 



We thoroughly agree with Mr. How^ell in his statement that 
lamp testing is absolutel}^ necessary to lamp making and also 
a very necessary adjunct to proper lamp using, but one should 
not understand from Mr, Howell’s remarks that the necessity 
of testing in any case extends beyond the manufacturers or 
other thoroughly equipped lamp testing bureaus. Unless lamps 
are tested under the most rigid conditions the results are worse 
than useless and this applies with particular force to tests run 
at higher than normal erflciencies in order to shorten the time of 
testing. In such “ forced ” testing the effects of errors in test 
voltage are multiplied many times in reducing the results ^ to 
normal performance and if the forcing is carried to an excessive 
point the extremely high temperature produced may create 
abnormal conditions which tend to make the lamps appear better 
or worse than tests at actual rated efficiencies would have indi¬ 
cated. Do not understand for a moment that we wish, to under¬ 
value the importance of forced testing, for when conducted under 
proper conditions and with proper knowledge of the limitations 
and errors to which it is subject, the forced test forms a very 
valuable means of rapidly attaining comparative results and has 
proved of inestimable service to the manufacturers. The 
Engineering Department of the National Electric Lamp Associa¬ 
tion has been devoting a great deal of study to the forced test¬ 
ing of metallic filament lamps, principally because the extremely 
long life attained at normal efficiencies served to severely tax 
the testing capacity and because urgent demand was being con¬ 
tinually made by the factories for quicker test results. In spite 
of the fact that this problem has been before the engineers of the 
department for some time, no correction figures have yet been 
decided upon which can be regarded as final. Since Mr. Howell 
has brought the subject before you and as some may endeavor 
to proceed with forced tests upon the .figures he has given, he 
will give some data in connection with this matter. 

The earlier attempts to secure a correction figure for forced 
tests were based upon the average life of numerous lamps, run 
at various efficiencies. Tests conducted on such lines were not 
fruitful of results of the accuracy it was desired to attain. ^ A 
study of the results of such tests, and previous experience with 
performance of the older and better known carbon filaments 
led to the following conclusions. 
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Steinmetz^^ has stated that tungsten filaments do not 
ordinarily fail by evaporation as is the case with carbon, but by 
melting at some weak spot’ and also that blackening of 
tungsten larnps is not gradual, as wdth carbon, but occurs simul¬ 
taneously -with inapaired vacuum and appears rapidly.” Our 
experience would indicate that there is a certain slight amount 
of normal blackening of tungsten lamps. The fact that this 
blackening deposit is found to consist largely of tungsten, 
and that the current after the initial rise tends to decrease gradu¬ 
ally leads us to believe that the filament actually is vaporized 
to a limited extent. 

A perfect filament would have a perfectly uniform tempera¬ 
ture^ throughout practically its entire length. Near the sup¬ 
porting wires, ^ the cooling effect due to these supports, would 
demand ^ consideration. This filament could be conceived 
to be disintegrating at a uniform rate throughout its entire 
length except near the supports, with an ultimate result some¬ 
what as shown in Fig. 5, which 
represents in an exaggerated w^ay 
a short length of filament. 

The candle-power of such a 
filament when burned at a con¬ 
stant normal voltage would 
probably show a slight initial rise 
due to changes in the physical 
characteristics of the filament 
material and to changes in the 
condition of the residual gases in 
the bulb (which of course are at 
extremely low pressure). After 
an initial rise the candle-power 
would drop gradually at a dimin¬ 
ishing rate, until the radiation within the limits of the visible 
spectmm had^ become incapable of producing the sensation 
of light. During this period the value of the current flowing 
t rough the filament w-ould have changed in a somewhat similar 
manner to the luminous radiation, but even after the filament 
had ceased to emit visible radiation the current would still 
flow and the filament would never burn out. 

The decrease in candle-power would be due essentially to two 
things: 

1. The temperature would decrease as the filament material 
evaporated and the diameter decreased. Neglecting possible 
changes in physical characteristics after the initial changes 
already noted, the energy expended in the filament would de¬ 
crease as the square of the diameter of cross section. Obviously 
the surface of the filament would decrease directly as the di¬ 
ameter, so that as the filament evaporated the energy expended 



* Radiation, Light and Illumination ” pp. 80, 81. 
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therein would decrease more rapidly than the radiating surface 
and the temperature would decrease. 

2. The total radiating surface would be decreased. As a 
third, though secondary effect blackening of the bulb by con¬ 
densation of evaporated filament material upon the interior 
surface would cause a decrease in candle-power of the lamp as a 
whole. 

Such would be the performance of a filament without defect. 
In actual filaments defects exist and the magnitude of the 
defects is a variable quantity which follows to some extent the 
laws of probability for a given lot of lamps. For example, out 
of a large number of lamps started on life test under the same 
conditions, a few would probably fail rather early in life due to 
large defects or imperfections in the filament itself. As the 
burning continues the “ mortality ” rate would increase as the 
average size defects would begin to cause failures. Then with 



Fig. 6 

the number of lamps burning considerably reduced, the rate 
of failure would decrease, for there would then be left only lamps 
having defects of less than average size. Finally there would 
be left only a few lamps which would give a very abnormal life, 
because they might happen to be particularly free from imper¬ 
fections in structure. During this period the candle-power 
would have been undergoing the general changes previously 
noted which may be illustrated by the actual performance 
curve obtained from a test of 115, 16-c.p., 3.5-watts per c.p. 
carbon lamps as shown in Fig. 6. The average total life to 
burnout of the lamps represented on this test was several times 
the so-called “ useful life ”, to 80 per cent of initial candle-power. 
The average candle-power corresponding to the average life gives 
us a means of judging the magnitude of physical imperfections 
which exist in the filament. On this basis it appears that at 
the present the carbon filament is more highly developed than 
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the tungsten filament, inasmuch as the carbon lamps reach a 
relatively lower candle-power value before failure than the 
tungsten lamps. This shows that there is still room for enormous 
mprovement in the tungsten filament and that there are possi¬ 
bilities for obtaining still higher efficiencies than those at present 
attainable. 

From the above considerations, it was decided that the cor¬ 
rection figure to be applied to the life of metal filament lamps 
burning at other than normal efficiency could be determined 
more accmately from the time required by lamps operating at 
various efficiencies ^ to ^ reach the same percentages of initial 
candle-power or of initial current than from the actual time to 
failure or burnout. This should be true whether the changes in 
candle-power and current are due entirely to disintegration of 
the filament or whether they result from some other physical 
change which takes place during life. 

It is manifestly impossible to obtain results on a single in- 
dividual lamp at more than one efficiency, consequently for the 
purpose of arriving at the proper figure a special lot ofTImps 


The following condensed report of the test on these lamps will 
pe 01 interest _m indicating what precautions have been taken 

m order to arrive at a proper correction factor for tungsten fila- 
ment lamps. 

109-volt lamps were formed and assembled 
With the greatest possible care, in order to produce a lot of 
amps w-hich should be similar in all characteristic qualities 
1 he work was started with over 1000 filaments from wffiich 200 
of the most perfect were selected after several rigid and careful 
inspections. Upon measuring the lamps made from these care- 
lully prepared and selected filaments at 1.25 vratts per c.p. the 

exceptions was found to fall between 108.8 
and 109.2 volts inclusive, a range of but 0.4 volts.* Aside from 
indicating a close selection, this uniform rating simplified to a 
extent some of the yrork of testing, and has, we believe 
eliminated the possible source of several small errors. 

was divided into five sets of ten lamps, which were 

n current at efficiencies of 1.25, 

U.9/, U.b5, 0.75 and 0.67 w^atts per mean horizontal candle 


commercial processes and in an ordinary 
factory which come within 0.2 of one per cent of the rating for wS 

■mamiTwrf it might be possible, by using more refined methods of 

fflam^^nt^ ’ produce a primary standard of light with tungsten 


T-f. cominercial lamp would not, of course, serve the purpose, 

t inight,_ however, be possible to make a single loop lamp under rigid 
specifications as to size, length, and processes of manufactum of filament 
dimensions of leading in wires, size and shape of bulb, etc., that could be 
exactly reproduced at any time. Such a lamp could be not only a pri- 
xnary standard, but an absolute standard as well, for it is well within 

compute as well as measure the luminous 

intensity of such a source. 
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power respectively. According to the best correction figures 
available at the time the test was started each set was measured 
at approximately equivalent intervals. Readings were made 
with a contrast Lummer-Brodhun screen at rated voltage and 
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ACTUAL HOURS BURNING AT VARIOUS EFFICIENCIES 


Fig. 8 


all currents were checked in each instance with accurately cali¬ 
brated standard laboratory meters. 

Average candle-power curves for the various efficiencies, 
together with the actual hours burning, are plotted in Fig. 7, 
and average current curves for the same lamps are plotted in 
Fig. 8. We are able to show these only out to 2000 equivalent 
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hours, at 1.25 watts per c.p., because the test is still in progress 
With over 80 per cent of the lamps still burning. 

wish to call attention to the peculiar shape of the candle 
power curves of Fig. 7. Their peculiarity is the unexpected 

during the interval corresponding 
to dOO to 700 hours on the 1.25 watts per c.p. curve. 

u 4 - ^ loss for an explanation of this peculiar curve form 

but the accuracy of the timing and the photometry of the test 
leads us to believe that the results are correct. 



Fig, 9 


From previous experience we assumed that the equation be¬ 
tween life and efficiency is of parabolic form: 

Life^ ^ / Watts per c.p.^ \ ^ 

Lifes \ Watts per c.p. 3 / 

^e cffiject this test being to determine the exponent b. In 
rig. 9 and Fig. 10, we have shown several logarithmic graphs 
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between watts per c.p. and hours life obtained by comparing 
the interval of time required to reach various percentages of 
the initial values of candle-power and current. The results 
show that the life equations for tungsten lamps conform very 
rigidly to a pure parabolic law^ over the range investigated. 
The candle-power curves and the current curves appear to give 
slightly different values of exponent b. We believe that the 



Fig. 10 


exponent derived from the candle-power curves is the more ac¬ 
curate, where total life values are to be determined. In Fig. 11 
we have shown curves between the wntt per candle-power life 
exponent, 6, and hours burning at normal efficiency (1.25 watts 
per c.p.). 

The correction figure for tungsten filament lamps is still in 
some doubt, which may be evident from the results of the 
test previously described, and also from the fact that in his 
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paper Mr. Howell seems to have used two different values for 
the exponent of the life-efficiency equation. Mr. Howell states 
that the life w^as found to vary universally as the 5.65 power 
of the candle-power. This exponent was derived from experi¬ 
ments on lamps with untreated bamboo filaments, but he says 
it was later found to hold for treated carbon and metal filament 
lamps. If the candle-power is taken to vary as the 1.75 power 
of the efficiency, as careful wmrk would indicate, the exponent 
connecting the life and efficiency would be 6.4. From the life 
factors in the table given by Mr. HoV'Cll the value of the ex¬ 
ponent through the normal working range is found to vary from 
6.7 to 6.8. 

In connection with the work we have done on forced testing 
of tungsten filament lamps, we might mention that a similar 
line of work is now being carried out on the tantalum filament 
lamps on both alternating current and direct current for a 



similar purpose. Here interesting developments are expected 
on the alternating current, as from previous tests there is much 
to indicate that below a certain temperature the life is not 
affected greatly by the efficiency, being, we believe, more de¬ 
pendent upon the effect of frequency. However that may be, 
we will undoubtedly be in a position to throw considerable light 
upon the matter in the near future. 

As to the relation between life and watts or watts per candle 
power being very nearly the same for all different lamps we 
cannot agree. The exponent by which we express the relation 
between life and efficiency varies from 6.65 for the-tungsten 
filament lamps to about 5.43 for untreated carbon. The first 
mentioned figure may be changed somew^hat in view of later 
developments, but we find that the treated carbon, gem, and 
tantalum exponents, in so far as we have been able to determine 
them, are scattered between these limits. 
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In the table below are given our determinations of the ex¬ 
ponents of the following equations, in w^hich L = hours life, 
C = candle-power, IV = total watts, e = w’^atts per candle, 
V = voltage, J = current and = resistance. 


■^1 _ / ^2 \ / ^ 
^2 \ / \ ^2 / 

W, / F, V, 

w, [vj V, 

b 

= ( 

G 

R 2 “ \ vJ 

Exponent. 

a 

1 5 ■ 

k 

k 

n 

X 

' 

Q 

Tungsten. 

3.80 

6.65 

1.75 

3.68 

1.59 

1.718 

0.418 

Tantalum. 

t*3.73 

t*6.30 

1.69 

4.20 

1.72 

1.382 

0.276 

Gem. 

*3.7 

*5.8 

1.6 

4.9 

l.S 

1.25 

0.20 

Treated carbon. 

3.65 

5.83 

1.59 

5.55 

2.07 

0.930 

-0.075 

Untreated carbon. 

*3.62 

*5.43 

1.50 

6.89 

2.31 0.763 

-0.310 


il} from the dotted curve of Fig. 12. 

(T) Direct current. 


The values given for h, k, n, x, and q are correct wdthin the 
limits of accuracy of photometers and electrical instruments, 
therefore are correct within 1 per cent. The values of a and b, 

however are subject to much greater error, probably at least 
5 per cent. 

In applying correction figures to forced tests, we have found 
the exponent b to be the most convenient one to use, hence we 
call this the fundamental life exponent. The exponents k 
and X are also fundamental exponents, k being determined from 
photometric relations, and from electrical relations. Given 
these three fundamental exponents, it is. possible to determine 
the relation between any two of the variables, life, candle-power, 
watts, watts per candle, volts, current and resistance. 

A curve^ plotted between and k brings out some interesting 
considerations. A.s shown in Fig. 12, the points for all the 
lamps, except the geni fall on a very smooth curve. This is 
rather surprising, in view of the fact that the metal filaments 
exhibit more selective radiation than those made from carbon 
The point shown in Fig. 12 for “ old treated carbon ” was ob- 
tained from performance curves of some treated carbon lamps 
which had burned for several thousand hours. The effect of 
this burning was to evaporate part of the graphitic layer de¬ 
posited on^the filaments in the treating process, or to partially 

untreat them. As could be anticipated, the point repre¬ 
senting these lamps falls between those for treated and un¬ 
treated lamps. 

By using the curve of Fig. 12 it is possible to determine the 
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relation beteeen any Wo of *!•« 

for lamps of the 'i>wn Tte expo[.ent * of the voltage- 

exponents, k and x, easier of these two to de- 

current equation IS and current measure- 

termine, as it can be obtained from voltage anu 

incnijs of 3/ l3ixip. future experiuierits 

It is within the range P“f fof 

may give a smooth curve between ir and one oi rne f 



If such proves to be the case, it will be 

the entire performance of a lamp from its P ,-,„lyr 

The dotted^curve of Fig. 12 is plotted between a and only 

two points on this curve are known, it is drawm in a ^traigh^ 
line.^ Future developments may show that ^ 

ture, but in the meantime it will serve as a good basis tor cal 
culations. 
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DUCTILE TUNGSTEN 


BY W. D. COOLIDGE 

When work was first started on the problem of producing a 
ductile form of tungsten, the metal looked very uncompromising. 
It was so hard that it could not be filed without detriment to the 
file, and was, at'ordinary temperatures, very brittle. 

It was of course known from the start that, at the operating 
temperature of a tungsten lamp, the metal was soft; but this 
fact seemed imavailing, for there was no tool that could be 
used for working the metal at such temperatures, and materials 
from which such tools could be made were lacking. 

To a man ignorant of our success, the problem would certainly 
look more’hopeless to-day than it did then. For since that time 
millions of tungsten filaments have been produced from all 
available tungsten ores, by widely differing methods, and by 
different groups of men. And each manufacturer has been fully 
alive to the fact that he must strive for the highest attainable 
purity. Yet all of the filaments made have been brittle. They 
are elastic and flexible as spun glass, but, like the latter, are 
incapable of taking the slightest permanent set. 

Not only was there nothing in the past history of tungsten 
to encourage us, but, in the natural periodic system of the ele¬ 
ments, the metal belonged to a family no member of which had 
been brought into a ductile state. The other members of the 
family are chromium, molybdenum, and uranium, elements 
■which had always been characterized by hardness and brittleness. 

A study of the periodic system shows that, in a general way, 
elements of the same family do resemble one another in point 
of ductility, as well ^ as in their other physical and chemical 
properties. For example, copper, silver, and gold are all in one 
family and are all very ductile. 
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Little encouragement could be drawn from the achievement 
of Dr. Von Bolton with tantalum, because of the fact that this 
element is in a different family. And the two families differ 
markedly in both physical and chemical characteristics. 

Xhe only arguments on which we could base the hope that 
tungsten could be produced in a ductile state, were founded on 
the effect of mechanical working and of chemical purity on the 
ductility of some of the other unrelated elements. But even 
this hope seemed of doubtful fulfilment, owing to the apparently 
insuperable difficulties of mechanically working this particular 
material. 

Mechanical "working increases the ductility of some metals. 
Cast zinc, for example, undergoes a marked increase in ductility 
when subjected to ordinary wire drawing processes. Some 
special steels, also, which, as cast, are coarsely crystalline, have to 
be handled very carefully until they have undergone a certain 
amount of mechanical reduction, while from this point on they 
are very ductile. 

Chemical purity also, is, in general, conducive to ductility 
and in some instances, slight amounts of impurity produce a 
marked effect. Some striking examples of this are the follow¬ 
ing: 

Copper is very sensitive to the presence of bismuth, even 
0.02 per cent of the latter rendering it brittle when hot, and 
0.05 per cent brittle when cold. Sulphur is also a harmful 
impurity, and copper containing 0.25 per cent of it is only 
moderately malleable. 

Gold is rendered brittle by 0.05 per cent of lead, bismuth, or 
tin, and is no longer malleable when it contains as little as 0.0003 
per cent of antimony. 

Nickel is rendered unsuitable for rolling by the presence of 
0.1 per cent of either arsenic or sulphur. 

Platinum is made hard and brittle by 0.03 per cent of silicon. 
Its ductility is also considerably lessened by the presence of 
small quantities of the other platinum metals. 

Tin is brittle when cast at a temperature either too high or 
too low. 

The analogy with iron is in some ways more interesting than 
the above, for both tungsten and iron take up carbon, and may 
be greatly hardened thereby. And iron is extremely sensitive 
to traces of sulphur, phosphorus, and arsenic. 

Our early experiments in mechanically working tungsten 
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led to work on tungsten alloys, and on suspensions of tungsten 
powder in metals in which there was little or no alloying. One of 
the most interesting suspending media proved to be an alloy 
of cadmium, bismuth, and mercury. This amalgam is very 
pliable. For our purpose it has several other important charac¬ 
teristics. Upon heating to about 140 deg. cent., it becomes soft 
and plastic, and from this point it retains its plasticity over a 
considerable temperature interval. While the amalgam is 
in this state, it is possible to incorporate with it considerable 
quantities of many foreign substances, such as tungsten, in 
powdered form. (Such a mixture, containing about 30 per cent 
by weight of tungsten was exhibited at the meeting.) At room 
temperature, it is about as hard as lead, but, at a temperature of 
about 110 deg. cent., it can be readily pressed through a diamond 
die, and comes out as a silvery looking strong pliable wire. If 
this wire could be freed from everything but tungsten and still 
preserve its present strength and ductility, it would solve the 
tungsten filament problem. But such is not the case. Upon 
heating it by the passage of current, in a non-oxidizing atmos¬ 
phere, the mercury first distils out then the 'Cadmium and then 
the bismuth. Some shrinkage takes place as the foreign metals 
leave the filament, and the remainder is brought about by raising 
the temperature to white heat. Most of the ductility of the wire 
leaves with the mercury, and the remainder goes with the 
cadmium. This finished filament has been used in thousands of 
lamps, but these all lack ductility. 

The above experience was duplicated when we tried copper 
as a binding agent for the tungsten, and again when nickel was 
used for this purpose. In each case there was a ductile stage 
in which the filament could be bent and otherwise manipulated, 
but not a trace of this ductility remained after the removal of 
the foreign element. 

The above experiments gave us several new and valuable 
methods for producing tungsten filaments of the usual quality. 
But in so far as our ultimate goal, a ductile tungsten filament, 
was concerned, they were not promising. They were, however, 
in one respect, instructive, for in the case of all of the above and 
with many other foreign additions, we got a complete removal 
of the foreign elements, at least so far as our analytical tests 
showed, with the final, high temperature treatment of the 
filament. This seemed to indicate that we either did not need 
to worry about contamination from such elements, or else that 
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brittleness was due to traces of impurity so minute as to escape 

detection by our analytical methods. 

To return now to the mechanical working of pure tungsten. 1 liis 
work received a great impetus by our discovery that an oi dinaiy, 
dense, well sintered, tungsten filament can be easily bent and 
put into various forms, and otherwise manipulated at tem|)eia- 
tures well below redness, and even below the temperatuie at 
which appreciable oxidation takes place, ihis helped us in 
two ways. First, it reduced the temperature at which me¬ 
chanical working operations could be carried on, and,^ second, 
it gave a means of recognizing which of the mechanical and 
chemical processes involved, in our experiments were biinging 
us nearer to the goal. Anything which reduced the tempeiatuie 
at which the metal could be permanently bent was, clearly, 

helping us. 

We found that steps tending to the elimination of the last, 
traces of certain impurities did greatly improve tlui lesuliing 
product. While it may be true that certain imimrities pres(-nt 
in small amount are harmless or even helpful, w(‘ know tliat 
certain other impurities are detrimental. We also tound that a 
certain micrographie structure in the tungsten rod wit.h whudi 
we start, was conducive to meclianical working and t.o ductility 
in the resulting product. Once arrived at tlie point wliertt nu> 
chanical working was easy and where tliere was a certaiti amount 
of ductility in the product even when cold, the develoimumt In* • 
came more rapid. It was aided by the cotistnudion of inori^ rcr* 
fined apparatus, in the design of which care was taken to guard 
against the taking up of impurities during nuadianical riHluction 
processes, both from the atmos])here in whicli tlie work is car¬ 
ried on and from the surfaces of the tools. 

Hand in hand with this improvement on tlK‘ iriechatucal sale 
has gone the work on greater chemical purity <if tlie mtrfal with 
which we start. One of the difficulties in purifying tutigsten 
has been due to the fact, which has been pointed, out by Smitli 
and Exner and others, that tungstic acid is very prom to form 
difficultly separable complexes. Because of tlris tendency, es” 
pecial care must be taken with regard to the |)urity of the rctagenls 
used, as otherwise recrystallization beyond a certain point do(‘s 
not result in corresponding purification, 

The knowledge obtained from our various lines (d research 
now makes it possible for us to prepare tungsten wliieh can 1>e 
mechanically worked without more difficulty than would 
naturally attend the manipulation of very fine wire. 
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The product which we now have is a perfectly pliable ductile 
wire, which has the strength of steel. (Specimens of ductile 
tungsten wire of various sizes were exhibited at the meeting.) 

It gives a lamp which is strong and whose filament retains its 
ductility throughout the life of the lamp. 

The following data on the drawn wire, obtained from measure¬ 
ments made in the laboratory by Dr. Colin G. Fink, may be of 
interest: 


Diameter 
(in inches) 

Tensile strength 
(lb. per sq. in) 

Specific 

gravity 

0.150 


19.30 

0.005 

490,000 


0.0028 

530,000 

'““.'“■•I 

0.0015 

600,000 

20.19 


The electrical resistivity at 25 deg. cent., expressed in microhms 

per centimeter cube, is, for the hard drawn wire, 6.2, and for the 
same annealed, 5.0. 

The temperature coefficient of electrical resistivity between 
0 deg. and 170 deg. cent is 0.0051 per degree centigrade. 

The above values, with the possible exception of the tem¬ 
perature coefficient, are of course som.ewhat dependent on the 
early history of the wire from which they were determined. 

The work which has been outlined above is the result of the 
close cooperation of about 20 trained research chemists, wit^a 
arge body of assistants, in the research laboratory. These men 
were of course given, from the factory organization, all of the 
mechanical and electrical assistance they could use, and were 

assisted in no small measure by the staff of the incandescent 
lamp factory. 
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THE APPLICATION OF PORCELAIN TO STRAIN 

INSULATORS 


BY W. H. KEMPTON 


Porcelain possesses some qualities which make it a very good 
material for line insulators and especially strain insulators. It 
can be moulded and worked into almost any desired form or 
size; when made of proper materials and properly burned it has 
practically no depreciation when exposed to the weather, acid 
fumes or gases, which sometimes create so* much havoc on elec¬ 
tric lines. It is hard and dense and has high dielectric strength. 
It is practically non-absorbent and so is not affected by frost. 

The great difficulty in the use of porcelain is its lack of elas¬ 
ticity. It is practically inelastic and has low bending and tensile 
strength. It has fair shearing strength and good crushing 
strength. It is these last two properties that make it available 
for strain insulators. 

In order to have definite working data, tests were made to 
determine the strength of what is known as high voltage stock, 
in compression, shear and tension. After a number of trials, 
a pony insulator of the dimensions shown in Fig. 1, and a trans¬ 
position insulator. Fig. 2, were selected for the compression test. 
These samples were placed in a Riehle tension and compression 
machine having a piece of f-in. fibre above and below the samples 
to take up irregularities in the porcelain. In the case of the pony 
insulator, Fig. 1, the break always occurred at the upper groove, 
and at the middle groove of the transposition insulator, Fig. 2. 
The average breaking stress for the insulator shown in Fig. 1 
was 16,370 lb. per sq. in.; high 21,400 lb., and low 12,200 lb. 
For the one shown in Fig. 2 the average breaking strength was 
12,690 lb. per sq. in.; high 17,400 lb., and low 8,200 lb. In 
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each case the results are from 10 samples. The shape and pro¬ 
portions of the insulators doubtless account for the different 
results in the two cases. 

For the shearing test, ten pieces like that shown in Fig. 3 
were tested in the manner described above. The fracture in 
each case showed almost pure shear on the line indicated in the 
sketch. The average shearing stress was 2400 lb. per sq. in.; 
high, 2,880 lb., low 1,770 lb. 

For determining the tensile strength of porcelain, a number of 
porcelains from insulators like the one shown in Fig, 9 were se¬ 
lected. They were supported by a free but close fitting ring 
about the projecting head, and load was applied by means of 
a steel pin resting against the bottom of the pin hole. Only 
figures from samples showing a pure tensile break were used in 




the calculation. The average of nine samples was 654 lb. per 
sq. in.; high 897 lb., low 539 lb. 

In presenting these figures to the Institute it is realized that if 
carefully prepared test blocks were used under perfect condi¬ 
tions, much higher results would be obtained, showing the 
porcelain to better advantage. If the object were an investiga¬ 
tion of the porcelain stock such results would be preferable. 
However, the object of these tests was to secure data for use in 
insulator design. Inasmuch as perfect conditions cannot be 
obtained in the practical manufacture of insulators, it was thought 
that tests from stock insulators under conditions including the 
imperfections met with in design and manufacture would be 
more reliable than absolute data obtained from perfect test 
blocks under ideal conditions. 
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Some Features in the Design of Porcelain S i rain 

Insulators 

As porcelain is strongest in compression, the prefeiable ion 
of a strain insulator from the standpoint of mechanical sticngt 
would be one in which only compression strains existed, and in 
which sufficient stock was placed under the load to give a |)i upei 
factor of safety. In practical design this condition is difficult 
to realize, and the load on most types of insulators gives a cuni- 
bination of compression and shearing stresses. 

There are three types of porcelain strain insulators, vsuiivible 
for high voltage railway work, now on the market and in siicc'tess*' 
ful service. The spool type, the loop type, and the CNjniiiressiun 
or barrel type. 

The spool and the loop types are the simplest and oldest 1> 



both are limited in mechanical strength owing to the fact that 
the load is applied between a cable and pin at right angles, and 
two cables at right angles, respectively. This throws a com* 
paratively small volume of porcelain in direct compression, the 
larger part of the load producing bending stresses. 

The spool type insulator is further limited mechanically by 
the possible bending strength of the pin, and electrically, by the 
amount of surface insulation possible. On account of the in¬ 
elasticity of the porcelain, if the pin fits the hole in the insulator 
snugly and the hole is of uniform diameter, the least bending of 
the pin will throw a bending stress on the insulator and break it. 
If a metal sleeve be cemented in the pin hole to distribute the 
load along its length, the expansion of the metal with heat may 
burst the porcelain. Practical design has settled down to ii 
form of pin hole smallest in diameter under the wire groove and 



970 KEMPTON: STRAIN INSULATORS [May 27 

larging toward each end. This allows the pin to bend without^ 
pressing on the ends of the pin hole. The problem then becomes 
one of designing a pin of such length as to allow the desired in¬ 
sulation, and of such diameter as to give the desired bending’ 
strength. Of course the walls of the porcelain must be mado 
sufficiently thick to also stand the load. 



Tig • 4 


Fig. 4 shows one form of spool strain insulator for 1200-volt: 
service. Fig. 5 shows another form of spool strain insulator with 
a shorter pin for 6600-volt service. Fig. 6 shows a form of spool 
strain insulator for higher voltages. These forms of spool strairx 
insulators have an ultimate strength of from 9,000 to 12,000 lt>- 



Fig. 5 


The ideal porcelain strain insulator would have the load-bear¬ 
ing portion of the porcelain made with two exactly parallel 
surfaces held between two exactly parallel and absolutely rigid 
plates. Fig. 7 shows a form of compression insulator which 
approaches this condition. It consists of a porcelain bushing 
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with an undercut head portion so that two approximately parallel 
bearing surfaces are obtained. The head of the bolt passing 
through the bushing rests on a steel washer bearing on its inner 
end, and the shoulder of the bushing rests against an inner end of 
a split cylindrical case, riveted or bolted together over the porce¬ 
lain head. The irregularities incident to the practical manu- 



Fig. 6 


facture of porcelain are taken care of by placing a lead washer 
under the steel washer and embedding the portion of the insu¬ 
lator inside the case in'neat Portland cement. The bolt head 
is insulated from the case by means of a porcelain cap cemented 
over the head of the bolt and the insulator, with a good insulating 
cement. 

The chief requirement in the design of this form of insulator is 



to make the case of such form, and to reinforce it with ribs, so 
as to prevent the end bearing surfaces from sagging. If these 
surfaces sag it throws the load on the outer rim of the porcelain 
head causing the sides to split off. One sample with a 4-in. 
diameter head stood a test of 34,000 lb., at which point the bolt 
broke. On tearing down the instilator a crack in the porcelain 
was discovered with difficulty. Insulators of about half the 
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above size, with 2-J-in. diameter heads, will stand mechanical 
tests of from 18,000 to 20,000 lb. 

The size mentioned as standing a 34,000-lb. stress—5J-in. 
diameter of corrugations by 24 in. long—has stood break-down 



Fig. 8 

electrical tests of 80,000 volts, and receives a regular shop test 
of 50,000 volts for one minute. 

It was thought that high mechanical stresses weakened the 
porcelain stock electrically. To determine this point the follow¬ 



ing tests were made. Twenty-six insulators like that shown in 
Fig. 9 were connected in series for simultaneous mechanical 
and electrical tests. The load was increased by small steps, 
70,000 volts being placed on each insulator for 15 seconds at 
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each step. The test was carried on until three insulators had 
broken, the broken insulators being replaced each time, and in no 
case did the porcelain puncture before mechanical breakdown. 
The failure always resulted in breaking the porcelain off at the 
lower edge of the cap, so that each porcelain was tested at 70,ODD 
volts at practically its ultimate mechanical strength. 

A second test consisted of connecting ten loop strain insulators 
in series and applying the same test as before. In this case 
three of tlie insulators punctured before any of them broke. 
Inasmuch as this happened at the normal breaking load of tlie 
samples and as seven of the ten did not punedure it was thouglit 
probiiblc that the high stress in the section of i>orcelain under tlie 
load opened up slight flaws in tlie stock rather tlian causing the 
sound porcelain to puncture below its unstrained puncture 
voltage. 

It will be noted that the above discussion on <lesign is all on 



Fig. 


10 


liigh“Voltage insulators. For low-voltage work whal. is kimwn 
as tlie goose egg strain insulator, Fig. 8, has lieen usc^d for 
several years and has iiroved to be ciuitt^ strong and relialde. 

It consists merely of an oval mass of porcelain about 5 in. 
long by b in. thick with wire grooves in opposite ciidK and at right 
angles to ca<.;li other. Praeticailly all of tlie |:)orc(‘lain lH‘lps carry 
the load directly or irnlirectly, and a very strong insulator rcsult.s. 
Its pro|:)ortions also make it <,|uite sturdy aiK,l |>roof against 
rough handling. Tlie ultimate meclianical strengtli is from 12,001) 
to I4,5(){) lb. A smaller dm b| in, long, sliown in Fig. 10, 
stands from 9000 to 120()0 ll:n stress. 

These results are from tests made with |-in. Ingh-gradc* seven- 
strand steel cable. If a more flexilile cable Inai been used, liiglier 
results would have I)c*en olitained, as the hard sira.nds of the 
used tended to cut into tlie insulator, and I'M-htur 





974 


KEMP TON: STRAIN INSULATORS 


[May 27 


On account of the rough usage they are apt to receive in low- 
voltage work, however, the moulded form of strain insulator 
has been more popular. The load being carried directly by 
metal parts with hard and tough insulation, usually sheet mica, 
interposed between and surrounded by tough moulded pro¬ 
tecting covering, makes a very reliable insulator mechanically, 
and one that, on low-voltage work, is reliable electrically. 

For high-voltage work moulded strain insulators are not so 
well suited. To stand the higher electrical test the metal parts 
must be further apart. On account of the resulting greater 
leverage, to maintain the same mechanical strength, the metal 
parts must be made much heavier. When large iron parts are 
embedded in the moulded insulation the expansion and con¬ 
traction of the metal with heat is apt to crack the covering and 
admit moisture. 

As compared to porcelain all forms of moulded strain in¬ 
sulators whether for high- or low-voltage work possess the ele¬ 
ment of depreciation due to exposure to the weather that porce¬ 
lain does not have. 

Wood strain insulators for both low- and high-voltage work 
have become quite popular, chiefly for the reason that long 
service tests have proved them to be reliable. Owing to the 
general unreliability of wood, the manufacturer must exercise 
much' care in purchasing and inspecting his stock to maintain 
its quality. Equal care must be exercised in inspecting the 
metal caps before and after sw^aging them to the sticks. Even 
then, defects are apt to escape the inspector, and it is desirable 
to test every wood strain insulator mechanically before ship¬ 
ment, to make sure of results. 

It will be noted that, although the porcelain strain insulator 
has certain inherent weaknesses, so has every other kind, and 
a perfect material for this purpose remains to be discovered. 
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ELECTRIC RAILWAY CATENARY TROLLEY 

CONSTRUCTION 


BY W. N. SMITH 


During the past twenty years overhead trolley construction 
for electric railways has become such a familiar type of engi¬ 
neering construction, and apparently so settled in practically 
all its detail, that it is apt to be regarded as commonplace com¬ 
pared with many other features of electric railway equipment 
engineering. As long as the electric energy for train propulsion 
was ever 3 nYhere standardized at 500 to 600 volts direct current, 
trolley construction practice followed a comparatively well 
settled and practically uniform line of standards; but since 1904 
wide departures have been made from the original forms of 
railway motors, both as to current and voltage. This advance, 
made entirely in the interest of economy in transmission, has 
been accompanied by radical changes in trolley construction 
which have required the closest engineering attention and have 
lifted it above the level of the commonplace into which it had 
generally come to be relegated. 

This paper is intended to be a review of current practice in 
electric railway catenary construction, its purpose being to 
bring some details of the present state of the art before the In¬ 
stitute in a practical way, to call particular attention to such 
features of it as may seem to be open for discussion, and to 
invite expressions of opinion about them; and it is hoped that 
each interested member will contribute something from his own 
practical experience so that an interchange of ideas will result 
which will be helpful to all concerned. 

It may be well to state at the outset one cardinal point about 
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overhead trolley construction, which is often overlooked by those 
who have given their time chiefly to the fascinating study of 
electric railway equipment predetermination and especial 
peculiarities of electric railway motors. I refer to the one thing 
which makes the electric railw^ay differ from all other forms of 
electric power transmission and distribution, and that is the 
fact that the motor derives its power from a moving contact, 
maintained essentially parallel with the line of travel followed by 
the motor. The moving element of this contact is carried on the 
car or moving load, but the fixed element must be as long as the 
railway line itself, and every inch of it must at all times be in 
alignment and effectively insulated in order to make the entire 
railway system effectively useful. No matter how efficient the 
power station or the motors may be, neither is fully effective 
unless the contact wire through which they are joined is at practi¬ 
cally 100 per cent efficiency. This efficiency must be continu¬ 
ously maintained over long distances and under all conditions 
of weather and of accidental or intentional interference; and the 
impossibility of relaying it without interrupting service makes the 
contact wire the most difficult and uncertain part of the entire 
system to maintain. 

As interurban railways grew in importance, and in the size 
and speed of their equipment, not only did the necessity for 
economy in power transmission grow increasingly important, 
but the problem of collecting trolley current at high speed be¬ 
came more and more serious. The figure 8 and grooved types 
of trolley wire afforded some relief, but as supports were still 
100 ft. or more apart the points of suspension caused slight 
changes in elevation of the wire, sharp enough to make trouble 
at high speed. It was not until 1904 that a new step was taken, 
namely, the elimination of the sag by means of more frequent 
points of support of the wire, resulting in the development of the 
so-called catenary type of suspension. This consists simply 
in suspending the trolley wire practically without sag by hangers 
of varying length placed every 10 ft., (sometimes 15 ft. or more) 
the same being supported by a messenger wire hanging in its 
natural catenary curve directly over the trolley wire. The 
messenger wire alone is supported on insulators. This type of 
construction was first successfully carried out on the Indian¬ 
apolis & Cincinnati Railway, in 1904 from the designs of Mr. 
B. J. Jones. 

This principle of construction has since been adopted in a 
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number of other installations, with some modification, and has 
come to be accepted as a practical solution for high speed 
trolley operation. The original installation was made for 2,200 
volts, and installations are now in service with this type of 
construction using voltages all the way from 600 to 11,000. 

The principal features combined in this construction are the 
fiat and smooth alignment of the trolley wire for high speed, the 
prevention of a trolley wire falling to the ground when broken, 
which is imperative with high potentials, and the use of a 
pneumatically-operated sliding bow for making contact, which 
dispenses with the trolley rope, avoids the necessity of frogs at 
switches and will stay on the wire at any speed regardless of the 
swaying of the car. 

Although the above mentioned advantages of the sliding bow 
would seem to be conclusive for high tension trolley operation, 
it has the drawback of responding more sluggishly to unevenness 
of the trolley wire than the wheel and pole type of trolley, and 
this has resulted in a number of cases in the retention of the 
wheel trolley even in 3,300- and 6,600-volt lines. The writer’s 
observation leads him to believe that the objections to the bow 
trolley have developed particularly where the catenary con¬ 
struction is defective, due to lack of appreciation of essential 
difficulties in construction and maintenance, and lack of skill 
in meeting them. It is easy to allow an amount of slack to go 
into a catenary trolley wire that will cause sufficient sag in 
the 10-ft. sections to make kinks at the hanger points, and under 
such circumstances high-speed operation with a sliding bow 
trolley is extremely imsatisfactory on account of the resulting 
sparking and flashing, while with a wheel trolley whose rate of 
vibration is about double that of the pantagraph, such a con¬ 
dition is not so prejudicial to smooth operation. 

Types of Construction, Catenary construction is divided into 
three types as follows: 

1. The original and most common is the plain single catenary, 
with the trolley wire hung directly from the messenger wire. 

2. The compound or three-wire single catenary, in which the 
trolley wire is suspended by clips of uniform length from a tight 
secondary wire just above it, this secondary wire being supported 
by hanger rods of varying length from a slack messenger wire above 
it. There are several variations of this type and it permits the 
use of devices which maintain a uniform tension on the trolley 
wire through any range of temperature. 
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3. Double catenary construction, consisting of two messenger 
wires and one trolley, the latter below and between the other 
two, the three wires being at the corners of an equilateral tri¬ 
angle and rigidly connected by triangular pipe spreaders varying 
from 6 in. to 6 ft. on a side according to the sag of the meSvSenger • 
wire. The excessive rigidity of this type has been found to l)e 
undesirable in practical operation, and it has been successfully 
modified on the New Haven railroad by stringing a second trolley 
wire and fastening it a few inches below the first by clips at points 
halfway between the original trolley wire hangers. This con¬ 
struction was fully described and illustrated by Mr. W. wS. Murray 
in his Institute paper of December, 1908. 

The second of these general types has been extensively de¬ 
veloped in Europe, particularly that feature which enables tlie 
maintenance of uniform tension on the trolley wire. Conspicu¬ 
ous examples of this type are the single phase lines of tlie Blank- 
eneserAltona-Hamburg-Ohlsdorf line in Geniiany, and tlie 
Rotterdam-Haag-Scheveningen line in Holland. 

Poles and Bridges. No paper on overhead construction can 
be regarded as complete without giving due consideration to tlie 
materials and construction of the poles or towers on whicli it is 
carried. In working up this division of the subject, liowever, 
there has been accumulated sufficient material of interest to 
warrant treating it in a separate paper, which the writer IiopiiS 
to be able to do in the near future. 


Where wooden poles are used they should invariably btt treated 
with some preservative, preferably of the creosote type, before 
being.set. The treatment may be either by the vacuum proce*Hs 
which involves an expensive plant but thorouglily impregnates 
the wood; or it may be by the so-called “ open-tank ’’ {irocesB, 
in which about eight feet of the butts are treated with hot 


creosote or similar oil; or, cheapest of all, and yet qtiite effective, 
the ‘‘ brush method may be used, which simply means painting 
the pole with hot creosote or similar oil for a distance of about 
two feet above and two feet below the ground line, applying a 
second coat after the first coat has had time to soak in. Any 
engineer can prove to his own and to his client's satisfaction that 
either of the last two nam.ed methods of treatment will pay 
dividends, as the life of any pole so treated will be lengthened 
anywhere from 30 to 75 and possibly 100 per cent, accorc 
the treatment used. 


Steel poles can be had in three types. 


The familiar two- or 
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three-section tubular pole, in either standard or extra heavy 
pipe; the “ tripartite ” pole, built up of re-rolled Bessemer 
steel U-sections with malleable iron collars and spreaders, the 
steel having an ultimate tensile strength of 100,000 lb. per sq. 
in.; and the “ diamond ” pole which consists of two sheet steel 



Fig. 1 , Fig. 3 

‘‘ Tripartite ” and “ Diamond ” steel poles 


V-shaped troughs tapered and flanged over the edges, one being 
driven lengthwise within the other to form, when assembled, a 
box shaped pole, the extra strength lying in the extra thickness 
of the overlapping flanges. 

The relative merits of these three types of steel poles may be 
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briefly summed up by saying that the tubular type is the least 
economical of weight for a given strength; and that while the 
diamond pole is superior to the tripartite in the matter of weight 
economy, the tripartite has a great advantage in that the 
Bessemer steel composing it is almost rust-proof and that every 
inch of metal surface upon it can be reached with a paint-brush. 
Its taper can also be easily varied to suit local conditions. 

Reinforced concrete poles have come into use during the past 
few years, for railway trolley construction. Under favorable 
conditions they can compete with cedar or chestnut poles as 
to first cost; they are, roughly speaking, about twice as stiff 
as a cedar pole and of 30 per cent to 50 per cent greater 
ultimate strength. Most important of all, they are practically 
indestructible. A considerable number of them are in use 
on the lines of the Fort Wayne & Wabash Valley Traction 
Company. 

On account of the load being from two to three times that 
carried on a single bracket pole in standard direct suspension, 
it is necessary to use heavier poles for catenary work. If of 
wood, they should average 25 in. in circumference at the top and 
should invariably be seasoned and treated with creosote, at 
least at the butts. The standard setting should be 6 ft. for a 
30-ft. pole and 6J- ft. for a 35-ft. pole where the wire is at a high 
elevation. Over highways, 19 ft. is usually high enough, but 
in the steam railroad electrification carried out in this country 
the standard height of trolley wire, except under low bridges, 
is 22 ft. above the rail. Bracket poles should be set with 
14 or 15 in. rake, as they will pull up to about one foot rake after 
the load has been applied. On steam railroads particular 
care must be paid to side clearances. Eight feet from center of 
track to the face of the pole is a minimum, and some roads 
require more. With an 8-ft. clearance, a bracket 10 ft. in length 
is sufficient. 

Early practice in setting poles on curves, allowed greater 
offsets than experience has shown to be desirable. One manu- 
facturer’s catalogue gives pole spacing based on a maximurr. 
variation of 17 inches in the position of the trolley wire with 
reference to the center of the track. Another one gives seven 
inches, and a third is somewhere between. It is much safer 
to prescribe small offsets, and the Denver & Interurban 
catenary line was laid out not ^to exceed 3i-m. offsets, as 
follows: 
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Table of Pole Spacing on Curves 

Max. offset of 
trolley wire from 

Degree of Pole spacing center of track, 

curvature feet inches 


Tangent 
1 *« 


3 

4 

5 

6 

7 

8 
9 

10 


120 
120 
110 


80 

70 

00 

50 

50 

50 

50 


0 

1.87 
3.37 
3.06 
3.37 
3.06 

2.87 
2.34 
2.04 
2.94 
3.24 


On curves, brackets must be so inclined from the Iiorizontal 
as to be nearly parallel to the position taken by the pantagraph 
bow, the outer end of whicli will tilt up consideral)ly, due to the 
elevation of the outer rail. 

For attaching bracket truss rods to pole toi)S, the three“|)art 
pole-collar (Fig. H) is preferable to any otluir means, as a single 
pattern forging is sufficient not only for the truss rod l)Ut for con¬ 
straining the body of tlie bracket. This method was devised l>y 
the writer for tlie l:)racket construction of the Denver & Inter- 
urban R.R, in 1907. Insulator pins should be tightly adjustable 
on the bra,ckets and should l)e made with a two-part elam|> liase, 
whicli the writer believes preferable to one with a J-bolt base as 
the Jd'iolt base will open out when screwed up tiglitly and has a 
very Umittjd area of contact on the inside. Insulator pins should 


uifile iron 


'Mt 


it 4 


Porcelain insulators of tlici petticoat type, are now universally 
used, and even over steam railroad tracks they have given no 
special troulile from gathering soot. The types used on 
Erie am:l the Demver & Interurban lines have been uniform] 
successful, for thrc‘e years on the fonner and two ye 
latter railroad. The general form of this insulato: 

Fig. 4. 

Brackets ouglit also to lie stronger than are usually made in 
direct suspension, particularly if over. steam railroads. In 
the equipment designed by the writer for catenary construction 
on the Erie Railroad, two truss rods were used per bracket. 


IS s 
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Some forms of bracket are made with two horizontal members, 
one on each side of the pole. To guard against accidents and 
minimize breakage in case of accident, the writer believes that 
it is desirable to design the pole attachments to the bracket so 
that if the trolley and messenger wire break, the bracket and 
truss rods may be swung around the pole as on a hinge, rather 
than be broken off or twisted out of shape. This is effected by 
using pole collars at the butt of the bracket and at the point of 
attachment of the truss rod, offering the additional advantage 
of obviating the boring of holes through the pole. Figs. 5 to 10 
show several types of brackets used experimentally by the 



Fig. 4—Porcelain insulator 


Connecticut Company. For high voltages, the brackets must be 
grounded to the rail to prevent a broken insulator from causing 
the pole to be set on fire. 

Catenary Spans and Bridges. The expense of steel bridges for 
supporting catenary trolley wires over more than two or three 
adjacent tracks can be greatly reduced by using span wire con¬ 
struction. A number of spans constructed under the writer’s 
supervision at the Rochester terminal of the Erie railroad are 
illustrated herewith in Fig. 11. In this design the span wires and 
all supporting fittings are grounded. The trolley wire is sup¬ 
ported by suspending from the span wire a stirrup of the same 
size of tee iron as is used for the bracket. The same type of pin 
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as well as insulator is used for the span as for the bracket con¬ 
struction on the remainder of the line. The voltage on this 
installation is 11,000. For lower voltages heavy wooden strain 
insulators are sometimes cut into the spans without any insula¬ 




tion between the span and the messenger wire at the point of 
attachment, but the advantage of entirely grounded span wires 
should commend itself so obviously that it does not seem worth 
while to go to the extra trouble of working various styles of 

insulators into them. 
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This form of spRii is prcLcticcilly in dnpHcntG, it is 

intended that the upper should carry the load and the lower act 
to steady the stirrup sideways. It is hardly necessary to add that 
steel poles are necessary for catenary span construction of this 










Fig. 9 



woortf 1 ^ substantially guy 

wooden poles. For this purpose the tripartite pole has been 

found very satisfactory. The illustration shows .save tr eks 

spanned, being a distance of 9(ii ft across ihc fr-. .i i 7 
Doles oTin +..^1 ^ 4c.ros.s the track.s between 

poies, and tour tracks of the seven electrified. 
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Some of the latest catenary construction for double track 
has been supported by a light bridge construction, the most 
recent example being that of the Rochester, Syracuse & Eastern 
Railway, recently completed, and illustrated in Fig. 12, This 
is for 600-volt direct-current construction with bridges 300 ft. 
apart. It is of the plain single catenary type, without any 
special adjustment or tension devices. The sag of the cables in 
a 300 ft. span is about 62 in., the maximum length of hanger being 



11 —Overhead construction at Rochester terminal of the Erie raikoad 


about 67J in. and the minimum 5i in. in length. The form of 
bridge and foundation is stable and permanent. The side 
frames of the bridge are 28 ft. between the centers and the spread 
of each base is 4 ft. The insulators on top of these bridges are of 
porcelain moulded in a special saddle shape and set on treated 
timber. There is said to be comparatively little side swaying 
between bridges. On this particular line the messenger cables 
are of copper, constituting the feeders and are of 500,000 cir. 
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mils. The feeder was necessary for power distribution and th( 
cost of the steel messenger wire was saved by this combination 
In the Electric Railway Journal for May 22, 1909, were pub¬ 
lished some figures showing the relative cost of this type oi 
construction compared with the ordinary wooden pole and span 
wire construction for double track. The fact that the messenger 
wires were eliminated and the feeders made to do double duty 



Pig. 12 Light bridge construction on Rochester, Syracuse 

& Eastern railway 


enabled quite a saving to be made, and the cost of the supporting 
structures, exclusive of copper conductors, is reported for this 
particular line as being only $100 per mile of double track more 
than with wooden pole construction. It is hardly necessary to 
comment on the greater permanency of steel construction. 

e varymg costs of steel bridges, poles and wires render it 
necessary to make very careful estimates for comparison before 
e engineer commits himself to the adoption of a radically 
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new type of construction, but there will doubtless be many in¬ 
stances where this type of bridge for a double-track line would 
prove economical. 

The original bridge construction of the New Haven Railroad 
has been so frequently described and illustrated that it is only 
necessary to refer to it by name. The newer type of construction 
now being used by the New Haven Railroad will be referred to 
later. The writer believes it to be a great improvement over the 
original. 

Messenger and Trolley IVires. By reason of tlieir somewhat 
intimate relationship, it is desirable to consider messenger and 
trolley wires together. The original and simplest form of 
catenary construction utilized a galvanized 7-strand steel cable 
of high strength steel, witli liard-drawn grooved co|)])er trolley 
wire. The messenger wire has varying sags l)ut a common sag 
was 10 to 12 in. for a 120-ft. span. The trolley wire whicli is 
generally of 2/0 or 4/0 B. & S. gauge, is meant to l)e perfectly 
level at average tem])eraturt!, but owing to the ditierent co¬ 
efficients of expansion of steed and cojqjer, tlie trolhry wire is 
relatively tigliter at low and shicker at liigli tem|H‘ratures than 
the messenger wire. With t hc' plain ty|)e of catenary construc¬ 
tion where no ta,ke-up dcn^ic'es art* eni|)loyed, tlu* result, is tliat in 
warm weather tlie 10-ft. sections l)t‘twtu‘n hangt*r ])oint-s become 
slack enough to cause tlie sliding liows to [)ound kinks into the* 
wires at the hanger points, and, a,t any consideralh* speed, 
meclianical pounding and eltad-rical llasliing are Ixdli injtrrious, 
Tlie only remedy for tliis situation aside* irom |)roviding over¬ 
lapping breaks, is to pull tlie wire* so tiglit that its strain at 
maximum temperature will not l)e less for a *i/() co|)|:it*r wirt*, 
than 2,()0() lb. If tlie minimum tension at, lOt) deg. fa.hr. is to 
be 2,000 lb., at zero deg. fahr. it will run u]) to a.l)Out 5,0001b., 
and the elastic limit of tlie wire is reached at 5,81.7 lb. As 
5,000 lb. is so close to tlie elastic limit it is to lie expected tliat 
coj')]:)er trolley wire pulled tight enough to l:>e effective at maxi¬ 
mum temperatures will be likely to get pulled beyond tlie elastic 
limit in the course of a season or two, particularly after tlie 
outer skin is somewhat worn down, by the passage of tlio moving 
contact. Tliese considerations may explain mucli of tlie trouble 
that lias been ex|:)erienced with plain, catenary construction using 
liard drawn co{)])er trolley wire. It sometimes liafipeiis tliat 
wlien a road, is quite! crooked, the elasticity of the fioles will do 
sometliing towards maintaining the tension of tlie trolley wire 
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at varying temperatures by giving sideways at the curves, but 
usually the only remedy is to pull out the slack as often as rc- 
quired. 

This W^3^riii-W03.t/Ii6r sl3,ckii0ss c3.ti t)G obvititcd wiicrc n wirci 
can be pulled sufficiently tight to be at a minimum of 2,000 lb. 
at a high temperature and 5,000 lb. at low temi;)eraturc. Tliis 
can be done with “phono-electric,” with steel wire, or coiiper-clad, 
steel wire. The principal objection to tlie use of wire otlier 
than copper is the decreased conductivity. Pliono-electric win; 
costs more than copper, while steel wire, of course, costs very 
much less. Both of these wires are so much stiffer than hard 


CU 
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Pig. 13—Curves of messenger iind trolley sag 

drawn copper that there is a marked tendency to resist kinkine 
A, 11,000 volts the oo„.i„otivity d.»s ...,t Jatly mott,:; wl"!;: 
ealmg wrth the usual mterurban train weights and distance.; 

OI wTS/IlSIIllSSlOll, * 

On the Denver & Interurban Ry. in 1908, phono-dectric trolley 

usine-T^dvn^^^^ miles^ of plain catenary construction, 

using a dynamometer to register the tension, whiclj wa.s so 

curl f ’ deg. falir. TIk 

__ ^ tnessenger and trolley sags are shown in P ig, 

o. ft., October, 1908, by 0. S. Lvfor^l Ti- 
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road has been in constant operation for two years and it has not 
been necessary to pull any slack out of the trolley wire in that 
time, thus demonstrating the correctness of both the design and 
the selection of materials. 

The use of tension devices for trolley wire as thus far developed, 
which is chiefly in Europe, does not seem to contemplate ten¬ 
sions of more than 1000 to 1500 lb., and furthermore the clips 
which hang the trolley wire from the secondary wire directly 
over it are of a type that will yield vertically, so that the trolley 
can, as it were, carry a wave along with it as it travels under¬ 
neath the wire. It is the writer’s belief that without the up¬ 
wardly yielding hangers, it is necessary to maintain a minimum 
tension of at least 2000 pounds; and that it is permissible to 
maintain a lower tension only when the trolley wire can yield up¬ 
wardly at the hangers. Such hangers have not yet been generally 
adopted for use in this country and the only experiments with 
them under American conditions of which the writer has knowl¬ 
edge, have not been particularly conclusive. On the New 
"Haven road good results have been effected by a maximum 
tension of about 5000 lb. on the trolley wire, and without the use 
of automatic devices for producing uniform tension under all 
temperatures. 

A table is presented herewith showing the characteristics of 
the four kinds of wire now available for catenary construction, 
those characteristics being for one size only, No. 4/0 B. 8c S. 
gauge, which is that most largely used in catenary construction 


PROPERTIES OF TROLLEY WIRE, NO. 4/0 B. & S. GAUGE 



H. D. 
copper 

Phono- 

electric 

Copper 

clad 

Steel 

Tensile strength, lb.. 

Elastic limit, lb.. . 

Res. per mile, ohms. 

Weight per mile, lb. 

Modulus of elasticity. 

Coeff. of expansion, deg. fahr.. 

8,310 

5,817 

0.259 

3,382 

16,000,000 

0.00000950 

11,330 

9,640 

0.575 

3,382 

18,500,000 

0.00000932 

9,470 

8,523 

0.634 

3,140 

12,000 

9,000 

2.21 

2,940 

30,000,000 

0.00000640 


An excellent feature of the modified type of compound 
catenary construction used by the New Haven R.R. is the up¬ 
ward yielding made possible by suspending the contact wire from 
the old trolley wire at points halfway between the original hanger 
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points. There is thus available a limited amount of upward 
yielding, depending somewhat on the temperature. The com¬ 
bination of this yielding effect with the high tension in the con¬ 
tact wire has proved so generally satisfactory that in future ex¬ 
tensions of the New Haven system the contact wire is to be 
similarly suspended. The clips by which the working conduc¬ 
tor. is attached to the lower or secondary messenger are fast 
to both the wires and allow no vertical play other the n tliat 
due to the yielding of the secondary wire. 

The European compound catenary however has these hanger 
clips so designed as to permit the trolley wire to yield verti- 



Pig. 14—Catenary construction with strain insulator at each bracket 


cally and as all new European work seems to be designed along 
these lines the principle under European conditions seems to be 
successful. 

The other principal feature of the compound catenary is tlie 
tension device placed at intervals to take up the ex|)ansioii 
in the trolley wire due to temperature. This consists of a 
system of weights operating by chains over pulleys, pulling 
against the free end of the trolley wire at the end of eacdi section, 
the consecutive sections overlapping so that the contact bow 
slides readily to one before leaving the other, there being, how-- 
ever, no electrical connection between the trolley wires of the 
overlapping sections except during the passage of the bow. 
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lamps since that time has been very rapid, and in 1909 about 
10,000,000 lamps were sold in the United States. This great 
commercial success of the tungsten lamp and the very inter¬ 
esting physical characteristics of the tungsten filament are the 
reasons for the presentation of this paper. 

Tungsten lamps when first introduced were rated at 1.25 
watts per c-p. The announcement of this figure created an 
immediate interest in the lamp; lamp users anticipated a great 
reduction in their bills for current; current sellers feared this 
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Fig. 1—Showing value and number of incandescent 
l^ps produced annually by one manufacturer since 
1881. The values for 1909 cover 11 months 


same reduction; lamp engineers and those with scientific in¬ 
terest in lamps were most keenly interested, for to them a lam p 
with normal life at 1.25 watts per c-p. meant a lamp over 200 
times as good as the standard carbon lamp. This figure repre¬ 
sented to them the relative quality value of the new lam p when 
compared with the old standard carbon lamp. 

Those who have used tungsten lamps with the object of re¬ 
ducing their bills have done so successfully, for if tungsten lamps 
are used to replace carbon lamps, candle for candle, a very ma¬ 
terial economy is effected and also much better lighting secured 
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The latest improvement introduced in Europe for eliminating 
unevenness of operation due to temperature changes is a new 
design in which there is included an equalizer wire, so-called, 
which runs above the catenary between brackets without any 
intermediate hangers, as shown in Fig. 16. Being somewhat 
shorter and with less slack than the messenger wire proper it 
tends to lift the catenary at points where it is anchored thereto 
a short distance away from the brackets, and thereby raises a 
short bight in the catenary directly under the bracket where 
the trolley is attached to it, thus lifting the trolley wire at the 
bracket when temperature is lowered, which would not be the 
case in the ordinary type of plain catenary construction. In 
this type of catenary the trolley wire is of hard drawn copper, 
while the catenary and the equalizer are of silicon bronze, so 
that all three have similar coefficients of expansion. In several 
instances a copper messenger wire has been used instead of steel, 



this having been done on lines where low-tension direct current 
w^as used, requiring feeder copper. It has the advantage of 
saving the cost of a steel messenger. The fact that both the 
trolley and messenger are of the same material will greatlv 
lessen the troubles that have been experienced with a steel 
messenger and a copper trolley wire. 

The excellent service being rendered by steel trolley wire on 

to the writer that it might be 
worth while to propose using a combination of a copper messenger 

and a steel trolley wire. In this arrangement the trolley wire 

would expand and contract less than the messenger and it 

m detaiV but It is submitted for the criticism of those who are 

loZToLJ! f -table for the higher than 

trollev iuf , “""^^te catenary 

trolley construction for 11,000 volts than for 2,200 volts, the 
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extra cost of insulation due to carrying the higher voltage 
is insignificant. 

Catenary Hangers. There are so many types of catenary hang¬ 
ers that a description of all would be tiresome. Six different 
companies are each offering several different types of hangers, 



Fig. 19 


including both the messenger and the trolley clamps and the rod 
connecting them. For the plain type of construction there now 
seems to be a preference for a hanger that has an easy or flexible 
grip on the messenger wire and a powerful positive grip on the 
trolley wire, with a joint between clamp and rod, either at the 
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top or bottom, or sometimes • both, to increase tlie general 
flexibility. In the earlier work, four or five years ago, iriessenger 
and trolley clips were rigidly connected togetlier :ind exam in 
spite of the lack of experience in design and erection they 
operated very well in many cases, provided tiie trolley wire was 
pulled sufflciently tight. 

The Connecticut Company recently constructed several miles 
of catenary construction on a line between Middletown and 
Hartford, Conn. About two miles of track w<n*e given up to 
trial sections of construction designed and erect to! l)y six Tnamn 




Fig. 21 
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factuling and supply com|)anies, eacli one lutving a. chance to 
eicct that which, it considered it,s best iiractitaa Some? of ilie 
designs of hangers are reproduced in Figs. 17 to 211 

It is safe to say that almost every engineer wlio lias built, a, 
catenary line has tried his hand at devising a new c 
hanger that would combine simplicity, flexibility, certj 
grip, speed of application, and adjustinent, and ch(%a|)tic:ss. 
Fewness of parts is essential to cheapness'and speed of adjust- 
ment. A hanger of five or six parts, including bolts and nuts, 
is preferable to one of ten or twelve parts. The 
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trolley wire should be powerful and easily applied. One nut 
only should be allowed, to tighten or loosen the trolley clamp. 
The hanger shown in Fig. 24 seems to answer most of these 
requirements. 

The writer’s preference is for a nut screwing down on the 
lower end of tlie hanger rod as in Fig. 24, as it can then never 
work off. It is desiralde to have at least one pivot joint in the 
rod,' either at the messenger or at the trolley ear. The loop 
type of connection to the messenger wire where the top of the 



rod is practically looped over tlie messenger wire or forms a 
slot for the entire hanger to work up and down on the wire as 
in Fig. 25, has only one drawback and that is the possibility of 
wearing away the galvanizing of the steel messenger cable. If 
the messenger be of copper the wear would probably injure the 
cable mechanically. This type also has the advantage of per¬ 
mitting the endways movement of the contact wire which will 
allow its tension to be well equalized on different sections of the 


In our hunt for the best imaginable solution it must not be 
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forgotten that some existing solutions are operating very satis¬ 
factorily, and we may sometimes do well to call a halt and ask 
ourselves whether all these adjustment features are really worth 
while, particularly if they are costly. 

There is one feature of catenary design that always deserves 
careful attention and that is the number of different lengths of 
hanger rods in a span. The average railway will have more or 
less curvature, and spans of different lengths on the same, in which 
the number of inches sag of the messenger wall vary considerably, 
though the spacing interval of the hanger rods is ordinarily 




Fig. 25 


uniform no matter what the distance between poles or bridges. 
On the Erie R.R. electrification there was little curvature and 
the number of different lengths of span was limited, and only 
six different lengths of hanger rod were needed, wdth 10-ft. 
spacing. On the Denver & Interurban there was considerable 
curvature; the spans varied from 120 ft. down to 60 ft. in length 
spacing 10 ft., and yet there were only six lengths of hanger rod 
required. ^ Three ^ of the manufacturing companies issue cata¬ 
logues or instruction books dealing quite fully with catenary con¬ 
struction and from the three together one can pick out most of 
the mechanical details necessary for equipping a line, and much 
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valuable information is given that will aid an engineer greatly 
in laying out the work. But with respect to this matter of 
lengths of hanger rod, shown in these catalogues, it is found that 
for spans from 150 ft. down to about 70 ft. one firm shows 
18 different lengths of hanger rods necessary to carry in stock, 
while another firm illustrating spans from 150 down to 55 ft., 
proposes only 11 different standard sizes. A third manufacturing 
company shows about the same range with 14 sizes. The Roches¬ 
ter, Syracuse & Eastern construction requires 11 sizes. There 
is thus always room for the exercise of judgment in reducing the 
number of parts. 

The vertical distance between the messenger and trolley 
wire at the brackets is from 20 to 23 in. on 150-ft. spans and 
17 or 18 in. on 120-ft. spans. The minimum distance in the 
center of long spans is about 4 in. for 150 ft. and 6 in. for 120-ft. 
span and as much as 20 in. in a 60-ft. span when the interval 
between hangers is 15 ft. It is noticeable that there is a tendency 
toward increasing the distance between hanger points in catenary 
spans. It originally started at about 10 ft. One company, 
during the early development advocated three-point suspension 
on tangents for spans as long as 150 ft. At the present time 
however the three-point suspension is only recommended for 
wheel trolley operation and 11-point suspension is recommended 
for sliding bow operation. This brings the hangers approxi¬ 
mately 14 ft. apart. Another company shows spans varying 
between 10 ft. and 13 ft. 72^ in. which is 12 points of suspension 
for 120-ft. span, and 11 points for 150-ft. span, as desired. A 
third company gives in its catalogue fittings designed for 10-ft. 
and 15-ft. spacing, on spans from 60 ft. to 150 ft. 

The American Street & Interurban Ry. Association’s Commit¬ 
tee on Power Distribution prepared a report on catenary con¬ 
struction in 1908 and its conclusions were rather in favor of 
hanger spacing of 20 ft. to 30 ft. because the sag between hangers, 
though very slight, would still be sufficient to help take up the 
expansion of a copper trolley wire in warm weather. It was quite 
evident that the committee hesitated to recommend the com¬ 
plication of the compound catenary type of construction if any 
means could be adopted that would accomplish reasonably 
smooth operation with plain catenary construction. It also 
reported very favorably on making spans 300 ft. in length; 
that the hangers should be as light and flexible as possible and 
that the messenger cable should be of plow steel, strtmg to a 
small sag. 
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Much is said from time to time about the necessity of staggering 
the trolley wire from side to side when constructing for sliding 
bow operation. The writer has noted enough successful opera¬ 
tion without staggering, to confirm his belief that it is not 
absolutely necessary under interurban conditions with average 
track, and motor cars of the usual interurban style. With these 
conditions the car is generally so sure to sway from side to side 
as to equalize the wear fairly well on the sliding bow. It is 
only where there are very heavy locomotives and extremely 
solid track and roadbed that the writer would entertain seri- 



Fig. 26—New catenary construction of the N. Y., N. H. Sc H. R. R. 


ously the necessity of staggering the wire, but though these 
conditions are present on the New Haven Road, the contact 
wires have not been staggered. Unless great pains are taken to 
prevent it a staggered wire always tends to pull straight and 
consequently to induce some sag that is not desired. 

The new design of heavy catenary construction developed last 
year by the New Haven road is a remarkable advance in several 

respects, and is illustrated in Fig. 26. The chief points of interest 
are the following: 

1. The supporting bents are much more sightly and more 
economical of material than the original bridges. 
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2. The main suspension cables of IJ-in. stranded steel wire 
which carry the insulators and the messenger wires proper are 
uninsulated and grounded, which will facilitate maintenance, 
painting, etc., and will obviate much of the danger to men on 
the signal bridges. 

3. Insulators, if broken, can be replaced by removing only 
three bolts, the two by which the insulator is suspended from the 
crossbent and the one which suspends the messenger wire from 
the insulator. 

4. The feature of a steel working trolley wire below a copper 
conductor, using the spring in the upper wire to permit the 



Fig. 27—Bent inclined hanger rods 


contact wire to yield in an upward direction, is here developed, 
showing it to be regarded as a successful means of securing smooth 

and reasonably flexible contact. 

5. The necessity for steady-strain insulators and pull-offs 
of the previously accepted types on curves is entirely done away 
with because the hanger rods are so dimensioned that, by in¬ 
clining them at such an angle that the trolley wire follows the 
alignment of the curve exactly, the tendency is for the lower 
wire to pull to a curve of shorter radius than the messenger 
wire. By adjusting the lengths of the hanger rods with some 
care the curve of the center line of the track can be closely approx¬ 
imated by the lower ends of the hanger rods when thus inclined 
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and rightly adjusted for length. By bending these inclined 
hanger rods so that their bottom ends are horizontal, then passing 
the horizontal end through the middle of the clip that fastens 
the contact wire to the secondary messenger, the two latter are 
held rigidly in a vertical position and the working trolley is 
maintained as exactly under the secondary messenger as though 
it were on a straight line. See Fig. 27. 

The criticism is sometimes made of steady-strain insulators 
for catenary curve construction that the tension under whicli 
they do their work makes the curve rigid and unyielding. In 
this case the heavy steady-strain insulators are dispensed with 
altogether, being replaced by the light iron hanger rods which 
for the time being are acting as steady strain insulators. Their 



greater frequency must minimize the pull of each individual 
rod and tend to make the whole structure less rigid than wlierc 
steady strain insulators or pull-offs are applied at intervals of 
30 ft. to 60 ft. 

6. The adjustments for height in this construction are ex¬ 
tremely simple, being accomplished by slipping the suspending 
members of the cross bents nearer to or further from each other 
along the bent, thus raising or lowering it. 

The features here mentioned can all be easily noted in the 
illustrations and should appeal as only a first-class mechanical 
job can, to every engineer who has had to deal with overhead 
construction in general and catenary in particular. 

Steady Strain Insulators. Steady strain insulators usually 
consist of a stick of treated wood shaped like a long strain insu- 
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due to the much better color of the light and its much greater 
uniformity throughout the life of the lamp. Other users of the 
tungsten lamp have utilized the superior efficiency of the lamps 
to greatly increase the amount of light used while keeping the 
expense about what it was previously. Generally, however, a 
course between these two has been followed, the amount of 
light being materially increased and the cost of lighting also re¬ 
duced; and experience has demonstrated that at current prices 
for electricity and lamps, the tunsten lamp will give much more 
light than will carbon lamps and at the same time reduce the 
cost of lighting. 

The fears of current sellers that their income would be re¬ 
duced by the introduction of tungsten lamps have not been 
realized, on the contrary, their income has been increased by the 
rapid extension of their business into new fields which were 
opened by the superiority of the new lamps, and by the avail¬ 
ability of the larger sizes of lamps which, with carbon filaments, 
were not successful. 

The first tungsten lamps sold in this country were high candle- 
power, thick filament lamps. There were two reasons for this: 
the filaments were more easily made than were thinner filaments, 
and the field of high candle-power lamps had been very im¬ 
perfectly filled by carbon lamps. These early lamps consumed 
100 watts and gave 80 candle-power; they gave us what we did 
no have before, good incandescent lamps of high candle-power, 
and they extended the use of incandescent lamps into an un¬ 
occupied field. Since that time both higher and lower candle- 
power lamps have been developed and the adaptability of 
tungsten to the making of all sizes of filaments has been fully 
demonstrated. Lamps are now on the market using currents 
as low as 0.15 ampere and as high as 10 amperes in a single 
filament. 

Tungsten has been a boon to the pocket battery flash light 
business, in which lamps are now used consuming only 0.4 of a 
watt. Lamps using 500 watts and giving 400 c-p. are used in 
large numbers and some 1000-c-p. lamps have been made. 

Lamps of the 220-volt class are also made. They require 
filaments twice the length of those required in 110 volt lamps, 
and they are therefore more liable to breakage, and are shorter 
lived at the same efficiency, than are the lamps of standard 
voltage. 

Street series lamps taking from to 10 amperes and from 
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lator, terminating at the outer end in a hook-shaped fitting that 
is attached to the trolley car, being pivoted at the inner end to an 
insulator on the bracket. When in this form they must be in¬ 
clined upward away from the trolley wire so as to clear the sliding 
bow. While originally intended for curv^'e construction only, it 
is often found desirable to install them at intervals along tangents 
say from 5 to 10 poles apart, as their presence helps to prevent 
swaying of a suspended trolley wire in a very high wind. 

The form of steady strain insulator used on the Denver & 
Interurban Ry., is shown in Fig. 28. This has the merit of 

s 

employing the same kind of 11,000-volt insulator that is used 
on the standard straight line catenary support, the head of which 
is cemented into a socket on the end of a malleable iron bolted 
to the bracket. The brace proper is a short link of malleable 
iron loosely hooked into an eye-bolt projecting from the bottom of 
the insulator. It will thus swing through an arc permitting some 
longitudinal movement of the trolley wire. In case the insu¬ 
lator breaks it will fall to the ground from the outer end of the 
hook, and the hook is light enough so that the stiffness of the 
trolley wire will make it stand out straight after the insulator 
has fallen and it will not hang down and foul the sliding bow.* 

Between poles, various schemes for pull-offs are used, but the 
commonest method is to run a bridle from the upper and lower 
ends of the hanger spacing rods, joining the bridle wires at some 
distance away from the trolley and insulating the pull-off by a 
strain insulator. Sometimes a wood strain insulator may be 
put into each of the bridle wires, but care must be taken not to 
weight them down so that they would be in danger of fouling a 
bow trolley. Probably the best way to insulate a pull-off for 
high voltages is to use the disk type of strain insulator, which 
was first brought out by E. M. Hewlett in 1907. This is the 
handiest form of light-weight porcelain insulator and fits nicely 
into almost any pull-off situation. A porcelain spool has also 
been used as a pull-off insulator, to slip over a hanger rod. 
This adds weight to the trolley wire and may make a hard spot, 
which is undesirable for bow trolley operation if located at a 
point where high speed is to be made, but it is not especially 
objectionable on a siding or in a yard and it insulates every inch 
of the pull-off wire and is probably the cheapest form of pull-off 
for high voltages. The pull-off wire is attached directly to the 
middle of the spool. _ 

* This device has been patented. 
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Strain Insulators. The writer’s experience with catenary 
construction having been with high voltages, it has been neces¬ 
sary to be particular about strain insulators. 

After some unfortunate experiences with strain insulators 
built up of metal and moulded insulating material of one form 
or another, it was found that porcelain, if it could be kept in 
carefully equalized compression, was the most reliable insulation, 
and as in the case of the straight-line insulators, a single insulator 
(of the heavy porcelain spool type), properly mounted, dan always 
be depended upon. The easiest way to mount such insulators 
is to cement them upon a piece of pipe large enough to carry a 
or 1-in. bolt. If the bore of the spool is fairly large it may l)e 


NO. 5 NO. 2 > 



necessary to use I J-in. pipe. It is more neces.sary to have the 
pipe nearly as large as the insulator than it i.s to liave the l)olt 
nearly fit the pipe. 

The disk type of insulator is very ingenious, light and attract.ive 
but the body of the porcelain under compres.sion is not sufficient 
to resist a crushing strain of more than 5,000 (jr (),000 11 >., or it 
was not when certain te,st.s were made under the writer’s HU])or- 
vision between two and three years ago. The 0|-in. diaitietci- 
disk insulators are now advertised to c'arry a safe worlcing load 
of 2,500 lb. and the 10-in. insulator 4,.'100 lb. Witli the trolley 
tension sometimes reaching 5,000 pounds at hjw te!ni)erature, 
a strain insulator for dead ending must have a working caj)acity 
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of at least 7,500 to 10,000 lb., and it ought to be as high as 12,000 
to 15,000 lb. This puts the disk type out of the running. The 
writer designed for the Denver & Interurban a double spool 
insulator comprising a porcelain spool cemented on IJ-in. pipe 
with by J-in. fiat iron driven through the pipe and standing 
edgeways to the strain, there being a hole in each end of the flat 
iron for linking to the other porcelain similarly fitted. This in¬ 
sulator, under test, carried 50,000 volts and 14,000 lb. strain 
simultaneously, without failure. It is shown in Fig. 29. 

It is the writer’s belief that, even more than in the case of 
direct suspension, strain insulators for catenary construction 
should be specified to be tested mechanically and electrically 
at the same time, up to their maximum mechanical and elec¬ 
trical capacities. It is only in this way that actual conditions 
of service can be duplicated in a test. 



Fig. 30—Deflector 


An excellent point about the disk type of insulator when used 
within its capacity is that there is a mechanical linkage of the 
guy cables on opposite sides of it which prevents their falling 
apart if the porcelain btxrns. This is not true of a wood strain 
insulator, which under high voltages is much more likely to get 
burned in two than at low tension, and for this reason the 


writer does not believe in using wood strain insulators for heavy 
strains where there is any possibility of a full voltage being ap¬ 
plied to opposite ends of the insulator. 

Deflectors and Frogs. The deflector is illustrated in Fig. 30. 
This contrivance has sometimes been found necessary to prevent 
the horns of the pantagrapli bow trolley from getting tangled 
in the wrong wire where two trolley wires intersect on a switch 
or crossing. If the bow has no horns or if the horns are pro¬ 


longed downwards there is no danger of a bow catching and no 
necessity for the deflector. In fact deflectors are about the worst 
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nuisance one has to contend with in maintaining a catenary line, 
and even where they have been carefully installed they are very 
apt to give trouble. It is very difficult to stretch the inter¬ 
mediate wires perfectly tight, and to keep them tight, even after 
they are adjusted. 

The use of frogs on catenary construction for a sliding bow is 
unnecessary and when so installed they have usually been taken 
out afterwards. 

Deflectors are heavy enough to require considerable care in 
setting them up, and on account of their weight, it is desirable 
to have them under a bracket or as near as possible to one. 
If not kept in good trim a bow trolley rapidly traveling under¬ 
neath one will cause more or less flashing, which sometimes 
spreads up to the bracket, grounding the line and throwing the 
current off for the time being. 

Section Insulators. With wheel trolleys, wood section insu¬ 
lators are a necessity, as in the case of direct suspension, but by 
far the best form of section insulator for bow trolley operation is 
the overlapping break without any wood or any other insulated 
under-run. They are also cheaper to install than the wooden 
insulator, there is far less weight to support, and there is no 
danger of warping or of destruction by fire. Section insulators make 
good feeding-in points and should always be fitted with a jumper 
which includes a knife switch, usually kept closed. When it is 
desired to open a section of high voltage trolley a hooked stick 
with a grounding chain attached above the handle is used to 
pull the switch, being kept hung permanently in the switch box 
which should be well up on a pole out of reach of all but 
employees. It is desirable to have such switch boxes located at 
railroad stations or signal towers. 

: On two important installations of 11,000 volts, with multiple 
unit car operation, no feeder wire has been found necessary and 
section insulators have been introduced mainly for subdividing 
for the purpose of more readily locating trouble. The best in¬ 
formation for computing trolley drop in a single phase railway, 
and calculating feeders, is to be found in Mr. A. W. Copley’s 
discussion of Professor Whitehead’s paper on “ From Steam 
to Electricity on a Single-Track Road,” in the A.LE.E. Pro¬ 
ceedings for 1908. 

Lightning Protection and Ground Rod. It is absolutely neces¬ 
sary at high voltages to ground all the brackets and spans of a 
catenary line. This is most effectively done by steel or iron bars 
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about ^ or I by in. with the top end bolted to the butt end 
of the bracket and the bottom end run over to the track through 
the ground from the butt of the pole. The best kind of a con¬ 
nection to make with the track is through a cross bond, as this 
is more flexible than to connect a rod directly to one of the rails. 
The ground rods, brackets and truss rods together form a pretty 
fair lightning protector for the trolley construction, but to make 
it more effective, on the Denver & Interurban Ry. a ^-in. 
steel ground cable was run on the tops of all the poles and con¬ 
nected to every bracket and at every fifth pole a grormd rod was 
run down the pole and attached to a cross bond and also to a 
pipe or a plate ground, the latter being used when there was any 
moist earth near at hand. This general scheme is the cheapest 



Fig. 31—Fuse type lightning arrester 


method of combining the grounding of brackets and lightning 
protection and it has an additional advantage of stiffening the 
pole line considerably. 

If circumstances make the use of line lightning arresters 
desirable, the swinging fuse type shown in Fig. 31 may be in¬ 
stalled at intervals of a half mile. This arrester has given good 
service for three years on the Erie railroad, at 11,000 volts. 

Splices. For a trolley wire at ordinary tension, the old forms 
of splicing sleeve did fairly well, but where the tension is great 
and the wire very stiff, as with phono-electric or steel wire, the 
old form of sleeve, with the necessity of curving the wire slightly 
in order to get it through, is inconvenient, especially for quick 
emergency work. A sleeve with both holes bored perfectly straight 
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and inclined sl’ghtly upwards toward the center will allow the 
trolley to enter and pass through without binding. To insure 
sufficient strength, this type of sleeve is made out of rolled bronze 
about 1 in. square with rounded edges, as shown in Fig. 32. Jix- 
periments"showed|that it was not safe to depend upon a mechanical 
splice that involved bending trolley wire beyond the elastic 
limit, although such a splice would be very quick and easy to 
make. For splicing messenger wire, use is made of cable splicing 
sockets shown in Fig. 33. To absolutely prevent the messenger 
wire from pulling out, the ends of the strands were doubled back 
on themselves, the cable end pulled back hard into the socket, 
and babbitt poured in. 

Moving Contact. It is the writer’s impression that the high 
voltage catenary construction now in use is in nearly all cases 
operating under conditions favorable to the sliding bow. Tlie 



SrCTION A-4 tNOVKV 


Fig. 32 


conditions on the New Haven road are doubtles.s more severe 
than any other as they involve high speeds, many low liridges, 
and the heaviest currents yet demanded in alternating-currcmt 
railway work. On nearly every other single-phase alternating- 
current railway the traffic is in single-car trains, or with mucli 
lighter locomotives, and at lower speeds. More skill and judg¬ 
ment are needed to erect and maintain catenary than direct 
suspension, and experience shows that the fundamental diffi¬ 
culties preventing smooth operation arise primarily from the 
expansion and contraction due to changes in temperature, which 

must be overcome by following some of the methods herein 
suggested. 

Barring the tendency of the old fashioned trolley wheel to 
jump at high speed, even on-fairly well aligned wire, it has proved 
a reliable contact maker up to the limit of its capacity, and has 
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shown itself readily adaptable to all conditions of sag in long 
spans. The gradually increasing use of the catenary construc¬ 
tion with, the wheel trolley, a combination which seems to be 
well thought of by railway operators, encourages the writer 
to believe that in the heavy railway work of the future on trunk 
lines or over long distances, where high voltage alternating cur¬ 
rent is the obvious solution, the rolling contact will tend to re¬ 
assert its superiority over the sliding bow. The manufacturing 
companies, to whom engineers generally look for progress in 
such matters, cannot be said to have made mucli progress in 
this direction during the last few years. Although the writer has 
not been in a position to conduct any experiments with the roller 
type of trolley, nevertheless, in the absence of convincing proof 
to the contrary he is disposed to believe that it may yet be so 
developed as to constitute a distinct improvement over the 



Fig. 33—“C'ablc splicing socket 


present sliding bow, in tlic rougli and rc‘a(ly service wliicli tlie 
trunk line work of the future is stire to require. 

As has been the case before in some practical elect rical matters, 
progress in tliis respect has (in the U. S.) had its start on tlie Ikicific 
Coast. On the interurban cars of the San Francisco, Oakland & 
San Jose R. R. there are now in use pantograph rolk'r trolleys of the 
type shown in Fig. 34, “ Tlic^ roller for tliese trolleys, whicli is 

held against the wire Ijy ti spring connected with t.lie pantograph. 


o '"^'■•nder 5 in. outside diameter and J in. thick. I 


C-.4»V. 


s c 


pantagraph lias a vertical niovenunt suitalile t.o accomniodate 
the rise and fall of trolley wire 14 to 22 ft. aliove rails. This 
type of trolley requires little attention and the brass cylinders 
show an average life of aliout nine montlis on cars making 
250 miles a day.”* These cars are working on (>00-volt direct 
current and have four 125 h.p. motors, so that tlie roller trolley 


* Quoted from the Electric Railway Journal^ Oct. 2, 1909. 
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evidently carries quite a respectable current. It is to l)e lioped 
that the heavy alternating current locomotive work of tlic future 
as well as the multiple unit car operation can be made even more 
successful than now, and the wear and tear on trolleys and line 
construction diminished, if the development of tlic roller contact 
trolley can only be given the attention to whicli it seems en¬ 
titled. 

The life of 67,500 miles for j)antagrax)h roller trolleys, cinniiutc'd 
from the above quotation, seems incredible, and in tlie aJjsenct} of 
detailed records may be somewhat discounted; l)ut it is c|uile 



Fig. 34”'Brown pantfigraph rollfr trolley 


evident that the device is wortliy of consideration. Tin* lifi* of 
pantagraph shoes is variously reported as all t.ln^ way frran 


8,000 to 15,000 miles on single»ear inlerurban lines, and very 
much lower than this on tlie New Haven road, wIku’c tlic‘ 
ditions of: high speed, heavy currents, more rigid irt 

construction and low bridges, all combine to wtair tliern out 
rapidly. 

Double Iralley Construction, The writ.er has |)aitl no at timtion 
in this paper to double trolley construction as distim't from 
standard types, because it is used so little in the United States. 
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either in direct current or alternating current systems, that it 
is not at present a matter of very great interest. Where used, 
it is generally erected with the same types of overhead material 
as are used in single trolley construction. 

The Europeans have worked it out for three phase alternating 
railway equipment with all the care and neatness that charac¬ 
terizes their construction. They seem to be willing to put up 
with more complications in the accomplishment of results than 
does the average American engineer, and the principle of ad¬ 
herence to form rather than simplicity in attaining a result seems 
to prev.ail both in the personal side of railway administration 
and in the development of mechanical and electrical ideas. 
This temperamental difference is further manifested in the much 
greater respect shown by Europeans than by Americans for law, 
rules, and formula of every kind. While the American character 
would doubtless profit by stricter discipline in the matter of 
legal observance, there are some aspects of close adherence to 
theoretical rules and precedents which are essentially in conflict 
with the necessities of American railroading, and it is very doubt¬ 
ful whether any American railroad man will ever become recon¬ 
ciled to erecting two trolley wires of opposite polarity over any 
railroad track, if he can possibly get along with one. 

It is the writer’s opinion that this one condition more than 
any other, wdll retard three-phase railway development in this 
country. The discussion of Dr. Hutchinson’s recent interesting 
paper on the three-phase electrification of the Cascade Tunnel 
indicates that while the three-phase motor was very w^ell adapted 
for slow speed locomotive duty, the only really unsatisfactory ele¬ 
ment in the equipment was the overhead construction, though this 
was partly due to certain conditions imposed upon the engineers 
by the railroad authorities. Single trolley operation over steam 
railroad tracks has now been carried on for so many years as to 
be practically commonplace even among railroad men; and an 
object lesson of a more universal type than the Cascade Tunnel 
will have to be presented in working order, before the present 
convictions of American steam and electric railway operators, 
with respect to the double trolley, can be changed. 

In considering the development of heavy electric traction on 
trunk line railways, therefore, we are brought back to our starting 
point by the controlling influence of the working conductor, 
namely, that it is the trolley system rather than the motor which 
is the characteristic feature of a railroad, and that that type or 
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system of motors will ultimately prevail which can utilize the 
cheapest and most easily maintained working conductor for the 
required conditions of operation. 

At the conclusion of this paper six lantern slides of European 
catenary construction from illustrations kindly furnished through 
the courtesy of the Electric Journal and Mr. R. A. Hellmund 
illustrating the latest work in three-phase electrification on 
several sections of Italian railways. These views are published 
in the Electric Journal of May and June, 1910. 

There were also shown four other views of American catenary 
construction on the Erie R. R. and elsewhere, including the 
original overhead Z-bar construction of the Baltimore & Ohio 
tunnel installation, which was built on the catenary principle 
in 1895. 

For much valuable information and many of the illustrations given in 
this paper, the writer must acknowledge his indebtedness to Mr. J, J. 
Brennan of the Ft. Wayne & Wabash Valley Ry.; to Mr. T. H. Mather 
of the Rochester Syracuse & Eastern Ry.; to Mr. R. C. Thurston of the 
Erie R. R.; to Mr. H. W, Cowan of the Denver 8c Interurban R. R.; 
to representatives of the General Electric, Westinghouse, Ohio Brass, 
and Electric Service Supplies companies, to the Electric Railway Jour¬ 
nal and to Westinghouse, Church Kerr 8c Co. 
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Discussion on “ The Application op Porcelain to vStrain 
Insulators ” and ‘‘ Electric Railway Catenary Con¬ 
struction ”, New York, May 27, 1910. 

Percy H. Thomas: Mr. Kenix^ton’s paper gives us some actual 
tests on porcelain. We have had almost no data hitherto ^ on 
the mechanical qualities of porcelain, quantitatively vS|)eaking. 
The manufacture of porcelain has been a secret, a mystery, and 
engineers have taken what was offered by the makers, taking the 
catalogues and selecting the best design for their purpose among 
those offered. 

We here have a beginning of figures on the comi:)ressive, 
tension and other strength of porcelain as a material, some of 
the same sort of data as we have on steel and wood. 

The compression strength of liigh grade porcelain is relatively 
very great, 16,000 lb. or thereabout. The average sliearing 
stress here is given as 2400 lb. per sq. in., and tlie tensile strength 
as 650 lb. 

This relationship between the various sorts of strengtli in 
this material dominates the form of design. We a.re ver\^ 
familiar with the shapes of insulators shown in tlie jviiau'. 
There is one example among those ofan important type of insuki- 
tor in which is used tlie weakest (.quality of jjorcelaiiq tind tluit 
is the suspension ty])e of insulator, similar to Fig. 9 oi the |)a|')er.. 
This is a matter of whicli we should think pretty airefully.^ 

I want to make a suggestion in connection with Fig. 0. That 
insulator shows porcelain in tension, as this design is made, and 
as the failure under test is described this insulator liad l)et,ter 
be made in some different |)roportion. 

As shown in the paper we liave a fracture at tlie Ijuttorn of the 
cap, that is across from the top of the inside ])in to the bottom of 
the outside cap. The result is then only the tensile strength 
of the porcelain is utilized. If on tlie other hand, tlie insukitor 
had been shaped differently, the pin being carried well up inside, 
with a deep metal cap taking hold well down on tlie insulator, 
since the pin cannot pull out without crushing tlie |)t>rcelain. 

These tests, while they give some numerical figures are 
faulty in one particular. Mr. Kempton lias a|)|)arently taken 
some insulators which he had at hand for making tests, and these 
show numerical results for tliose |)articular forms; but in no 
case are the tests sueli as to give us a clear knowledge of tlie 
materials as materials. Some of the insulators broke at the edge. 
In Fig, 3, tlie shearing test, tliere must be some tendency to 
split the insulator as shown; |)erha|)s not much, but enough to 
render this data uncertain. 

I remember some tests on one of these suspension ty|)cs^of 
strain insulators, such, as No. 9, wliieh gave a tension strain, 
rouglily two or three times as great as Mr, Kam|)ton has given. 
Possibly Mr. Kempton can say something on this subject at the 
end of the discussion. 
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There is another point which should be detennined fiirther 
by tests before any final conclusion is readied, and that is 
whether materials made by different manufacturers and materials 
of different compositions and treatment, will show tlie same unit 
of strength ? 

This would be an admirable thesis for some post-graduate work 
at a university or college. It is difficult for engineers in general 
practice to make a careful general study. 

We seem in the matter of insulators to be arriving at tlie con¬ 
dition which finally comes in all new classes of work. At first 
designs are on the hit or miss principle but finally after sufficient 
investigation, reliance in made on afewof the old simple, practica/I, 
fundamental jaws. For example, it is an old ])rinci])le to take 
account of unequal expansion. The cementing in of metal 
pins in the strain insulator, may lead to trouble wliere expansion 
is serious. Again, if you do not allow for differences of flexi¬ 
bility in different materials, there is a strain on the ])orcelain. 
These matters are easily overlooked, but they are tlie sinqile 
principles that should have been borne in mind from tiie be¬ 
ginning. 

It is often suggevSted that the way to get relialnlity in insula¬ 
tion, is to increase the margin of safety. Tins can lie done 
quite easily in overhead railroad work where the trolley volta.ges 
are low; by choosing a factor of safety of five instead of ])erha])S 
three. This, however, is not very possible at 1()(),0(){) volts or 
even at 60,000 volts. Where feasible is tlius ])ossi1)k‘ to gain 
superiority and reliability at only small additional cx])ense. 

I ask Mr. Kem.pton a question : It is well estalilished tha.t a. 
high tension porcelain insulator, 60,000-volt ]lettieoat t}^|x.;, 
can be shattered by a lightning stroke without tlie ]:)uncture of 
the material, and without any arc following from tlie generator. 
This seems to be caused by something in the nature of a me¬ 
chanical shock. The result is often the dropping off of the outer 
petticoat, it being broken close to the stem of the insulator. 

I also ask Mr. Kempton if he has any suggestion to meet tliis 
condition. The phenomenon is reported at the Taylor’s Falls 
system, and on the Ontario Power system. These are two 
thoroughly authentic instances. How can this strain be re¬ 
sisted ? 

Considering Mr. Smith’s valuable paper, I would like to have 
his opinion as to the practicability of obtaining sparkless action 
in pantagraph trolleys by having a relatively light piece on the 
top of the pantagraph which shall have the least possible inertia. 
The heavy arms would then not be required to follow every 
slight movement of the sliding contact. 

C. J. Hixson: It has been most interesting to have Mr. Smith 
trace the development of the catenary coiivStmction and listen 
to his comments and descriptions of the various devices used in 
connection with the same. 

It has been stated that catenary construction was first brought 
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out ill 11)04. In 190-1 while connected with the Allgemeine 
Eiektric'itnts Gesellschaft, of Berlin I remember discussing and 
iiispecting with visiting Westinghouse engineers, the catenary- 
line installed l:)y the Union Elektricitats Gesellschaft upon a 
branch of the State Railway known as the Nieder Schonweide- 
S|)indlersfeld line. In October of the same year, the Street 
Railway Journal ])ublished an illustrated article describing the 


installation. I have no doubt Mr. Smith meant, that it was 
first used in this country at that time. 

In Mr. Smitli’s comments regarding catenary developments 
abroa,<l, and the improvements upon the New Haven System, 
as well as tlie experimental line of the Connecticut Company, he 
states there is a general feeling of satisfaction with these con¬ 
structions. It is significant that all of these have a more or 
less flexible trolley wire. 

This vertical flexibilit}'" of the trolley wire is, it seems to me, 
tlic keynote to the successful collection of current from a trolley 


wire. 

Idle general conditions of stability and of sidewise anchorage, 
limit the vertical flexibility to a few inches, and it is necessary 
to assist this flexibility by frequent supports or hangers 
The heiglit of the wave in the trolley wire as the colleetor 
|)asses along should be such as to take up all the sag between 
liangers and still raise the hanger a couple of inches as it 
passc's under it 

' The lifting of the hanger to a floating position eliminates the 
l)low tluit would be delivered to a rigid support. Catenary 
luingCTS rigidly connected become increasingly hard as the bracket 
(irni is approached. With a flexible hanger the increased and 
ever present flexibility at the point of contact, compensates in a 
measure for the inherent sluggishness of the roller pantagraph so 
complimentarally referred to in the latter part of Mr. Smith s 


paper 

B'or very heavy currents with two trolley wires side by side 
vertical flexibility is of great assistance in keeping the necessary 
contact pressure down to a modest figure and yet maintainmg 
continuous contact with both wires at all times. . 

In order to have vertical flexibility the strain in the trolley 
wire sliould be moderate say from 1200 to 1500 lb. With pis 
tension, with hangers 13 feet apart and with a No 4/0 polley 
wire a vertical flexibility of an inch or so can be attained with 
an uriward pressure of about 7 lb. This reduced tension m 
the trolley reduces the strain upon pull-offs, anchoraps, strain 
insulators, and the line in general, thereby decreasing the original 

cost c;ind the cost of mciintericixice. 

In order to maintain the tension between reasonable limits at 

different temperatures provisions should be made forUkingup 
tlie sla(-'k witliout disturbing the hangers and pull-otts. 

'rhe trolley wire is held best on curves by frequent puH'Ottp 
Tliis I'ives maximum flexibility with low stresses and moderately 
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strong strain instilators. On earlier installation steady braces 
were used, but they’have now been superseded by either flexible 
pull-offs or line steadiers. A steady brace when used as a strut 
gives a hard spot in the trolley wire. 

Regarding pole spacing on curves, the table given is, we assume, 
designed to be used with no other points of pull-off than a steady 
brace at each pole. It is possible to maintain this same offset 
of the trolley wire from the center of track and use a longer pole 
spacing by running a back bone and using more pull-offs. 
This also makes a more flexible construction. If the curve 
happens to be on the side away from the pole line, a bracket 
extension can be used to support the backbone. 

In conclusion it might be said that a single messenger flexible 
catenary has been in successful operation for the past two 
years upon the Saratoga Division of the Schenectady Railway. 
There has been no sign of wearing the galvanizing on the 
messenger wire due to the movement of the loop, as the sides of 
the same seldon if ever more than just touch the messenger wire. 

R. D. Coombs: Before attempting to say anything about the 
experiments made by the Pennsylvania Tunnel and Terminal 
Railroad about two years ago, I might call attention to a few 
general facts, or rather, general considerations. 

Since the track on which the equipment runs is not a plane, 
but a series of vertical curves, I think that it is entirely un¬ 
necessary to attempt to keep the trolley wire perfectly horizontal. 
The equipment will not run in a plane, and so I cannot see 
why it is necessary to keep the trolley wire in a plane. That is 
aside from the fact that you cannot do it. 

The question of flexibility is as yet very uncertain. Tlie 
Germans have used a secondary catenary, and according to their 
statement it is entirely successful, but their speeds and train¬ 
loads are less than our own. The experiments to which I 
referred a moment ago seem to indicate that a single catenary 
with a very light hanger, composed of a flat section, b| in. by 
^ in., looped over the messenger, and with the ordinary type oi; 
ear, was about as successful .during the limited range of those 
experirnents, as the German type with the auxiliary catenaiy. 

I am inclined to believe that a light hanger particularly 
in conjunction with a trolley wire having considerable stiff¬ 
ness and strength, possibly a steel trolley wire, as I believe 
was used on part of the New Haven installation, with either a 
copper messenger or copper feed wire to provide the necessary 
conductivity, would be a combination worth very careful in¬ 
vestigation, and perhaps some experimentation. 

The little hanger which loops over the secondary wire and 
attaches to the trolley wire, permits vertical niovement, but 
seems to have a tendency to roll. On a portion of the exneri- 
mental line, in putting up the trolley wire.^it was found that the 
trolley mre had a twist or roll in it; and that the little {hanger 
above the ear rolled laterally, and became to a certain extent, 
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bound, particularly at a pull-off. That same criticism, it seems 
to me, would apply to one of the figures in Mr. Smith’s paper. 
I refer to Fig. 27. I should expect that inclined hanger, which 
is the same as a pull-off in effect, to roll, and I ask Mr. Smith 
whether that tendency has been experienced? 

I am rather inclined to question whether it is necessary to 


pull the trolley wire to an excessive tension; and I believe that 
to be a subject which requires more investigation. I think the 
rigidity, and the tension of the trolley wire, the rigidity of the 
catenary above the trolley wire, and the flexibility or “ intelli¬ 
gence ” of the pantagraph should all be considered together; 
and that the failure of no one of them should be allowed to 
prejudice the particular arrangement of design. 

Until these features are all brought into a harmonious rela¬ 
tionship, no single arrangement can be termed saitsfactory. 
The pantagraph has always seemed to me to be a suitable field 
for experiments, and it should be noted that the secoiidary flap¬ 
per, according to the statements of the German engineers, has 

given entire satisfaction abroad. 

Director Freishmuth of one of the German companies, told 
me on his visit to this country about two years ago, that their 
auxiliary arrangement on top of the pantagraph, gave entire 
satisfaction, and that it did not 5 park. Their speeds are less 
than ours, and I believe their train-loads are also less, but it 
these pantagraphs have given the satisfaction abroad which it is 
claimed they have given, it would certainly seem that the panta¬ 
graph is a field for further experimentation and improvement 

Fig. 14 shows the messenger wire broken at each support, that 
is, each span, is a unit in itself, the advantage of which Mr. Smith 
questioned. I believe one reason is that the short span can e 
assembled on the ground, the hangers placed, and the end socket 
can be done either on the ground or in a convenient shop, it 

does not require an aerial operation. ^ 

The combination of the steel trolley wire and the copper 
messenger is in use on the New Haven and it was to be tried on 
the experimental line. It was not installed, t)tit it 
of no lack of faith in it as a device. I believe the grease from 
the pantagraph shoes, or a system of greasing the trolley wire 

will prevent any rust. . . 

The loop, attaching the hanger to the messenger wire, in case 

a loop is £ed, should be properly fitted at the top in order to 

allow the hanger to be vertical. _ . c - 4 . 

I do not think I can add anything in a very definite waj', in¬ 
sofar as the results of the experimental line are concerned. 
Tt was necessary to put up comparatively short sections ot dit- 
ferent types of supports, different types of suspension, and - 
fSS t?pes of cateLry. And as a result there was not a suffi¬ 
cient length of any one type to produce a ^htr 

The locomotives passed rapidly from one section to another 
Ind i wa^ almost impossible to ascertain on which section the 
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wear of the pantagraph shoe occurred. The relative wear 
could only be inferred by observation of the action of the panta¬ 
graph on a given section. At the same time it was possible by 
observing the action of the different types, to determine with 
more or less accuracy, a certain degree of relative merit. 

The experiments did not continue through a round of seasonal 
changes, and definite results were not obtained, but I am in¬ 
clined to question whether on long spans, there is any objec- 
able action due to the tensional changes. The German con¬ 
struction, with the tension devices by which the wires are auto¬ 
matically kept at a certain tension by weights at the supports, 
were used, but no definite results were obtained. We obtained 
just as satisfactory service on sections where the device was not 
present. 

R. C. Thurston: During a high wind and from the rolling of 
the car, unless the wires are in ideal condition, there is a good deal 
of slack wire, which will cause the trolley or the pantagraph to 
go to one side and dip, and while over, allow the ends of the shoe 
to hit the cross arm. If the wire was perfectly tight, this would 
not happen. When our road was first installed, we had no such 
trouble, but after the heat of summer and the cold of winter had 
expanded and contracted the wire, there was slack. But owing 
to the expense and the lack of time between trains, it is not al¬ 
ways advisable to pull a slack wire tight. 

The spacing rods are clamped tight to the messenger wires. I 
believe there should be a loop at the top of the spacing rod to 
allow the spacing rod to slide along the messenger wire, as the 
slack in the trolley wire would not then form the kinks in the 
trolley wire that it does now. 

We have had several bad cases of brakes in the copper wire 
and the brake is not sudden, we found it to be an old fracture, 
which was probably caused by the pounding of the shoe. As 
these breaks do not occur in cold weather, it shows they were 
not from contraction of the wire through cold. The break is 
always formed after the car has passed over, and it always caused 
us to put a splice in the wire. 

Chas. R. Harte: It is too often forgotten that the overhead 
construction of an electric railroad serves in two capacities. 

As a conductor by which energy is transferred from the 
central station to the collecting device of the motor its function 
is simple and well understood; that it is also the track upon 
which the collector travels at high speed is a fact too frequently 
ignored, although it is in this latter capacity that practically 
all of the serious problems and difficulties arise. 

In the case of a railroad, light rails laid on soft ground, where 
a marked displacement wave precedes the train, will, within 
their load capacity, give as smooth riding, and will require as 
little maintenance as the hundred pound rail on stone ballast 
as unyielding as possible. But if in either class of track there is 
permitted to occur a spot of opposite nature, so that there is 
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an abrupt change in the cliaracter of the displacement wave, 
there immediately follows rapid wear and serious injury. 

Precisely the same results are manifested under similar 
conditions of the overhead; a hard point in an otherwise flexible 
line, or yielding • spots in a rigid trolley at once develop kinks, 
crystallization occurs, and presently the wire breaks. 

Up to the present time developments have indicated that the 
flexible line is easier of attainment than the rigid type; the 
writer believes, how^ever, that the possibilities of the rigid con¬ 
struction have been by no means exhausted, and hopes to see 
further experiment in that direction. 

The unfavorable condition is that in which whatever the 
cause, the trolley wire tends to bend on a short radius. In the 
earlier lines the comparative!}" large sag gave a large intersec¬ 
tion angle at the points of support, and the clips being straight 
and short caused kinks in the line, in passing which the collector 
tended to momentarily reverse the bend on the approach side, 
and to deliver a sharp blow against the opposite side. The 
supposed necessity of eliminating the large sag led to the de¬ 
velopment of the catenary construction, as pointed out by the 
author. But, and this would seem to be the point urged by 
Mr. R. D. Coombs in his discussion of Mr. Smith’s paper, a truly 
straight trolley ware is by no means a necessity. It is not the 
amount of the intersection angle at directional changes, but 
rather the shortness of radius of the enclosed curve that causes 
injury. With a long radius bend, and a type of support which 
would either gradually damp out the displacement wave or 
w"Ould transmit it without material interference, a heavily sagged 
trolley ought to give excellent service under severest condi¬ 
tions. Such a type of suspension, emplo^dng spans of two hun¬ 
dred and forty feet with a sag of thirty inches, the wire being- 
carried in a curved ear of special design and some forty-four 
inches long, has been proposed by Mr. Joseph Mayer, Consulting 
Engineer (see Transactions American Society of Civil Engineers, 
Volume LXI, page 5) but so far as the writer is aware, has never 
been actually tried out. 

The author, in describing double catenary construction says: 

The excessive rigidity of this type has been found undesirable 
in practical operation"”. As an unconditional statement this 
is open to question. It is quite true that the first installation 
of this type to receive a thorough tryout was not entirely satis¬ 
factory, but the difficulty arose from the fact that while the 
hangers were very rigid, the line between yielded. At the critical 
speed the resultant chatter of the collector became synchronous 
with its period of vibration, and the line received severe punish¬ 
ment from the heavy blows of the pantagraph, in addition to the 
tendency to crystallization from bend reversals. The difficulty 
was most successfully overcome by duplexing the trolley, at¬ 
taching the lower wire to -the old trolley only at the centers of 
the secondary spans, but it is at least open to question if equally 
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good results would not have obtained had the line been made 
uniformly rigid by the use of a tee or similar stiff section at¬ 
tached to the hangers. 

As pointed out by the author, the question of the side clear¬ 
ances of poles is very important on electrifications and par¬ 
ticularly so on railroads with black signals. Eight feet from 
center of track to face of pole brings the latter practically 
in line with the signal mast in its usual position and the engi¬ 
neer or motorman is hedged by an apparently solid wall of poles, 
behind which except as it is very near, nothing can be seen. 
Certain types of signal employ a centrally pivoted blade, half 
being in front of the mast, to obviate this difficulty of sighting, 
but even for this, ten feet clearance from track center to face of 
pole is little enough. 

The author’s conclusion that the trolley wire should very 
closely follow the center line of the track will have the endorse¬ 
ment of practically all operating men, particularly if qualified 
by the further proposition that for wheel work the center of 
track is to be considered projected through the center line of 
the car, in order to meet the offsetting of the wheel by the super 
elevation of the rail. This same offsetting affects the lengths 
of brackets on curves particularly if the poles are on the outside, 
in which case the bracket bar wdll often have to be materially 
longer than the standard. 

Operating men generally will further agree with Mr. Smith 
that the irregular and unavoidable cross motion of the shoe, 
due to various car movements and sways, entirely obviates the 
necessity—and most undesirable complication—of staggering 
the trolley wire to prevent localized wear on the collector. 

To secure the desired alignment on curves the preference of 
the writer is with the method by bridle between poles, from which 
are taken equidistant pull offs. It is of course desirable to 
maintain this backbone dead, but on light curves the weight of 
the insulators is apt to cause sags which may prove troublesome. 
This can be helped b}^ placing the insulators at the bridle, in 
which case of course the pull off itself is alive. In at least one 
instance the pull-off, of a single piece of seven strand steel rope, 
was unlayed for the proper distance, three strands goiiig to the 
messenger, three to the trolley, while the seventh, whipped on 
the main portion, prevented further unlaying. 

^ There seems to be little actual knowledge as to the compara¬ 
tive values of various types of catenary detail. In the matter of 
brackets the author expresses a preference for the three part 
pole collar as the method of attaching the over support rod to 
the pole. This is a point needing further investigation. The 
practice of passing the over support rod through a hole in the 
pole offers opportunity for decay to start, and weakens the pole 
slightly; on the other hand it has been the writer’s experience 
that the pole collar, unless crushed into the pole, with conse¬ 
quent liability to decay troubles, is apt to slip and lower the 
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end of the bracket. The connection at the bracket end of the 
over support should also be positive; collars held by a set screw 
are prone to work loose and make trouble. As to bracket bar, 
the compound types offer greater attachment facilities, but are 
presumably more subject to corrosion. Devices at the pole end 
which permit lateral swing in case of unbalanced pull in the 
trolley save the bracket in case of heavy strain, as in the case of 
a broken wire, but the overhead is seriously slacked off for a 
number of poles each way; with rigid pole connection the 
brackets nearest the break are apt to be badly crip])led if not 
ruined, but the area of disturbance is much less, a factor of great 
operating importance. The forms which si)Iit and take tlie pole 
between the members will stand very severe |)unislinient from 
a trolley pole that has jum])ed the wire; socket pole connect;i(>ns, 
unless pinned or otherwise secured, are very a|)t to 1)e sliaken 
apart or broken under the same conditions. 

As pointed out b}^ the autlior, the matter of |)ro])m' tension 
in the wire is complicated by the fact that conditions ])reventing 
excessive sag at high temperature result in very liigh stressc‘s 
at low temperatures. How closely tliese strc^sses nia,}' ap)])roricli 
the actual breaking strength of the wire is not always realized. 
Grooved 4/0 copper trolley is usually credited l)y the handbooks 
with a breaking strength of from 8(K)() to SKK) lla A serit‘S 
of tests made by the writer, liow(wer on coninu^rcial sto(‘k 
samples gave a maximum of l:)arely 7100 11). on tlie xmbiaizial 
portion, with an average at brazes of bOOO 11)., two samph‘s 
failing below 5000 lb. (see Transactions, American Society of 
Civil Engineers Volume LX page 552). 

While there are some differences as to detaJl c'ommereial 
trolley wire is in general made from a “ wire bar ” of rectangukir 
section, which is first rolled down to a round rod and tlien is 
finished by drawing. Brazing usually is done just before driiw- 
ing, and in the sam|)lcs tested it was evident tluit tJie hitter 
treatment was not sufficient to overcome tlie local annealing at 
the surfaces of the braze. 

The tension is properly dependent u|)on the naturt^ of tlie 
overhead. If hangers are rigid the line between sliould lie givim 
equivalent vertical stiffness either by the form of cross sec’tion 
or by the tension; if hangers are yielding a mucli lower stress is 
permissible. 

To secure an automatic adjustment tJie first. Syracuse, larke 
Shore, and Northern catenary had in tlie ■^-incli st.randed stetd 
messenger, at 20 deg. fahr. and for the standand s[ian of three 
hundred feet, a sag of sixty-eight inches, but the trollt‘y was a foot 
higher at the center of span than at the supporting liridgi^s 
(see Transactions, American Society of Civil Engineers, Volume 
LX page 547). It was hoped, tins would minimize temperature 
troubles, but in the writers estimation its chief virtue hiy in tlie 
fact that it materialh’'' stiffened t:he system against later;il sway. 
Later installations on this and allied lines have omitted this 
feature. 
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It is generally believed by users, that trolley wire could with 
advantage receive further treatment than is at present usual, 
for the market material of to-day certainly has decidedly less 
resistance to wear than the earlier output. 

The writer is watching a working test of especially rolled wire 
which gives to 4/0 grooved copper an average breaking strength 
of practically 9000 lbs., but there has not elapsed sufficient time 
to permit any comment of value. The manufacturers, so far 
as the writer knows, have as yet set no commercial price on the 
treatment. Mr. T. H. Mather of the Syracuse Lake Shore, and 
Northern has for some time employed a wire which receives 
extra finishing treatment. The additional cost was, some time 
ago, about 6 per cent of the price of untreated wire; at that time 
Mr. l\Iather considered the resultant econoni}^ in maintenance and 
repair to be several times that figure. 

But it is after all an illogical proceeding to impose the duty of 
resisting the abrasive action of the collector upon that member 
of the overhead which by nature is least adapted to resist wear, 
and functionally is most affected by loss of section, as is the case 
when the trolley wire is of copper. Phono electric and one or 
two other bronzes have for some time been used at points of 
unusually hea\w w^ear, but the employment throughout of a 
trolley wire designed primarily to resist wear, as in the case of 
the Denver and Interurban’s phono electric, and the New Haven’s 
steel, is of very recent date. -The author will doubtless be in¬ 
terested to know that his suggestion of a steel trolley and copper 
messenger has actually been in service for over a year. The 
trolley wire is identical in section with 4/0 grooved copper; 
the messenger is 19 strand bare copper wire cable sagged 24 inches 
for standard spans of 150 feet. This is on the experimental 
catenary section of the Connecticut Company’s Hartford-Middle- 
town line and the steel wire is continued for about half a mile 
beyond the catenary in simple suspension. At night the w'heel 
has a bright tail of light but the actual wear in over a year’s 
service is inappreciable, and this is also true of the messenger 
where it was feared the loops of the sliding hangers might cut 
the copper. This latter would indicate less danger to galvanizing 
on a steel messenger from sliding hangers than has been antici¬ 
pated by some. 

The Connecticut Company’s experimental catenary has not 
had long enough service for final deductions as to the most de¬ 
sirable type of hangers, but indications to date seem to point 
to the old mechanical screw clamp ear with light hanger rod 
rigidly fastened to the ear, and looped over the messenger 
The screws should be long enough to head up after the trofley 
is gnpped; if this is properly done the type is at least as efficient 
as the more elaborate forms, and is far simpler. In this connec¬ 
tion the author expresses a preference for “ a nut screwing down 
on the lower end of the hanger rod, as in figure 24 as it can then 
never work off ”. In the writer’s experience, while the nut 
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cannot escape, it has been found necessar}^ for such types of 
hangers to be fitted with a locknut, as otherwise the main nut 
backs up to the rod enough to loosen the clamp and permit 
serious wear. 

Rigid hangers require high trolley tension, and in case of 
relative movement of trolley and messenger are apt to come to 
grief; hinged types ihjointed top and bottom and rigidly gripped to 
messenger allow relative movement and give a little flexibility 
that hardly seems commensurate with the complication. Bot- 
tom slide hangers seem unduly subject to wear, but have the 
marked advantage that the parts lifted are all of equal weight. 
The foreign sliding hanger lines have a secondary messenger 
of very slight sag and the loop hangers are all of equal length 
and weight; that satisfactory results were not obtained on certain 
American lines where hangers varied in length from four to 
twenty inches is hardly surprising. Long loop-hangers hinged 
at the ear have a tendency to tip when lifted,‘and sliding down 
the messenger lose their characteristic feature, and as a result 
of the shortened effective length, pick up the trolley. 

Hangers with jaws closing symmetrically with reference to 
the rod will, within the limits of their capacity, take various 
wire sizes equally well; hangers in which the jaws do not so 
move however, while they have a small range, do not work well 
on sizes other than the one for which they were designed. For 
shoe work the contour of the jaws is of less importance; for wheel 
work it is essential that the jaws give good clearance lines, or, 
particularly on curves they will be badly pounded. 

The matter of hanger spacing is one on which is needed much 
practical information—in fact this need of much practical in¬ 
formation is characteristic of the entire subject of overhead 
construction. On a forty-mile-per-hour installation for wheel 
operation, with main spans of one hundred and fifty feet, ex¬ 
cellent results are being had with a secondary spacing of ten 
feet, and barely twenty miles away equally good results are 
obtained on an installation identical except that the secondary 
spacing is fifty feet. It is the general impression that for shoe 
work the secondary spans should be very short; the writer knows 
of no installation on which long secondaries have actually been 
tried out, but it would seem that the manifest economy, if the 
number of hangers can be materially reduced without impairing 
the efficiency, warrants careful investigation. 

The author touches a point of great importance in construc¬ 
tion in the matter of hanger rod lengths for various spans. 
Theoretically the sag of each span should be mathematically 
exact; practically unavoidable variations occur to an extent 
which warrants the small amount of “ fudging ” which may be 
necessary to adopt standard span hangers to the shorter spans. 
The importance of reducing to a minimum the labor and the 
chance of error on the tower cars is best appreciated after a 
practical experience. In electrifying an operating steam road 
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the work trains lose from fifty to seventy-five per cent of their 
actual time, the lower figure being reached only under very fav¬ 
orable conditions; with much traffic on the line the time lost 
dodging trains may easily exceed the seventy-five per cent. 

The author’s point that strain insulators should under me¬ 
chanical and electrical stress at the same time, is well taken, 
particularly where the strains are of the compression type where 
movement of the parts wffiich in no ways affects the mechanical 
strength—in some cases actually increase it, due to better seating 
of parts—may completely destroy the insulating properties. 

The difficulty of securing good strain insulators for high voltage 
work makes desirable the suspended bracket construction similar 
to that on the Rochester Terminal, and which employs a stan¬ 
dard line insulator, in spite of the fact that its weight and area 
are decided draw backs, particularly in sections subject to sleet. 

The author’s hope that further investigations will be made 
in regard to roller types of collar will be shared by all who have 
investigated the subject and it is by no means impossible that a 
modification of the present form of trolley wheel may be of much 
value. The writer has for some time had in mind a shoe design 
in which the main pantagraph movement ranging through 
several feet should be effected by some positive mechanical 
device, probably a pneumatic cylinder, the air supply to be 
controlled by a sensitive contactor mounted on the main panta¬ 
graph. This contactor, having little inertia and therefore able 
to follow the wire almost instantly, would take care of variations 
within its range of about one foot each side of the middle point. 
The valves operating the main traversing device w^ould open as 
soon as the contactor passed this mid point, and in most in¬ 
stances the response would be sufficiently rapid to keep .the 
movements of the contactor within its limits. If, however, the 
depression or raise of the wire was so rapid that the main device 
did not attain the speed at which the change was occurring 
before the contactor reached its outer limit the conditions would 
be no different from those which at present obtain a very ma¬ 
terial portion of the time; on too rapid raivSe there would.be an 
actual break in the contact; on too rapid depression the main 
traverse would be forced down by the overhead until its ac¬ 
celeration was equal to the rate of drop in the line. 

Ralph D. Mershon: The author says that porcelain “ can be 
moulded and worked into almost any desired form or size ” 
This does not agree with my experience. I have designed insu¬ 
lators from time to time and endeavored to have them made out 
of porcelain. In some cases I have succeeded in having them 
made, and in some I have not. Not infrequently, where I did 
succeed, the price was prohibitive. As the result of the ex¬ 
perience gained from such work in connection with a number of 
the insulator manufacturers of this country, I should say that 
porcelain, for insulators at least, can be practically moulded 
and worked into very few forms of limited size. The present 
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practical limit in thickness of porcelain of high dielectric strength 
is about I in. In some cases it is possible to get thicknesses of 
f in. of high dielectric strength, but such pieces are usually 
produced at very considerable expense, and their production 
is uncertain. 

The author’s investigations of the ph 3 'sical properties of porce¬ 
lain are interesting, but might, with advantage, have been 
carried a good deal further. The procelain he tested could 
hardly have been of the best quality as regards mechanical 
strength. The highest grade high-voltage porcelain made in 
this country will show a tensile strength of from 1,590 to 2,000 
lb. per sq. in and a compressive strength of approximate!}^ ten 
times this. These figures are the result of a great many tests 
made by myself and by others. 

Of course, ceramic materials of all degrees of strength less 
than this are met with, but it is also possible to obtain material 
of greater strength. I have tested ceramic material which ran 
as high as 2,400 lb. per sq. in. As it happened, however, this 
material was not the highest grade high-voltage porcelain. It 
was not vitrified throughout, if it was vitrified at all. The frac¬ 
ture showed fissures, and in general its appearance was such as 
to lead one to think it would have a very low tensile strength. 

There is a great deal of work to be done yet in connection with 
ceramic materials for electrical work, and undoubtedly room for 
great improvement. It is extremely desirable to determine the 
conditions which affect the mechanical strength of such material, 
especially the tensile strength. Some investigations I have 
made seem to indicate that it is possible for porcelain to have a 
grain, something almost of the nature of a fibre, such as we find 
in wood or wrought iron. 

A great deal depends, with different mixes, upon the amount 
of moisture present when the piece is formed, and whether the 
piece be formed by pressing or by the plastic method. It would 
appear, also, that, with some porcelain mixes at least, the degree 
of firing has a great deal to do with the strength. In some cases 
it would appear that a temperature considerably below that at 
which the mixture will vitrify, or even_ begin to vitrify, will 
result in greater tensile strength than if the heat be carried 
higher. ■ 

My investigations have been confined to American porcelains. 
Apparently some of the European porcelains run a great deal 
higher in mechanical strength. In the discussion of a paper 
recently presented before the Institution of Electrical . Engi¬ 
neers at Manchester, England, Professor A. Schwarz gives the 
results of some tests he made upon porcelain. The tensile 
strength ran from 3,316 lb. per sq. in., for a rectangular test 
piece with a section of 0.2 sq. in., down to about 2000 lb. per sq. 
in., for a rectangular piece of 0.6 sq. in. in section. He found a 
compressive strength of 10,000 lb. per sq. in., for a cylinder 
two in. long by two in. in diameter; 40,000 lb. per sq. in. for a 
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cvlinder one in. in diameter, and 52,600 lb. per sq. m. for a 
cylinder is in. in diameter. He ascribes the lesser strength in 
the larger pieces to lack of heat penetration in firing, but I 
think it not unlikely that the apparent fibrous structure men¬ 
tioned above had also a considerable amount of influence, es¬ 
pecially if the cylinders were formed from plastic clay. It is 
evident that with such formation, the smaller the cylinder, the 
greater the proportion of its bulk that will partake of a fibrous 
structure. 

In this matter of comparing strengths of different samples of 
porcelain, we, in our present ignorance, assume that all porcelain 
is alike. Such comparisons are about as logical as to compare 
tests made on high grade steel and tests made on the poorest 
quality of cast iron. Until this whole subject is given a more 
thorough study, we shall have no intelligent basis on which to 
compare results obtained at different^ times and with materials 
obtained from different sources. 

0. S. Lyford, Jr.: The ideal conductor for the distribution of 
electric power for heavy railwa}^ operation is one that is either 
absolutely flexible or absolutely rigid, and parallel to the running 
rails. For low voltage work, which in heavy service involves 
the collection of large currents, the tendency is towards the rigid 
conductor, as characterized by the third rail. For high voltage 
work and consequent low current the tendency is towards 
absolute flexibility of structure and catenary trolley construc¬ 
tion has been the best development thus far. Improvements in 
third rail construction have been in the direction of greater 
rigidity and improvements in catenary construction towards 
greater flexibility. 

For intermediate voltages, it remains to be seen what construc¬ 
tion will prevail and neither of these two, as now developed, is 
entirety suitable. For instance in the 1200 volt direct current 
system the currents are high for heavy railway operation. A 
locomotive such as recentl}^ adopted by one of the large rail¬ 
roads with motors capable of developing 4,000 h.p. in starting, 
the maximum current at 1200 volts would be 2800 amperes and 
the running current for maximum weight of train 1250 amperes. 
A suitable conductor for distribution of current to such locomo¬ 
tives must necessarily be heavy and the logical development is 
in the direction of rigidity of construction. This means either 
the perfection of a safe 1200 volt insulation for third rail or 
the development of a rigid overhead structure. The latter will 
necessarily be a very heavy and expensive construction and one 
open to many objections from the point of view of railway opera¬ 
tion and maintenance. The former is possible, and is already 
being tried out, but if designed for usual railway clearances it 
will necessarily be cramped. 

The two papers presented tomight relate to materials and 
for light structures with moderate stresses and 
therefore apply more particularly to constructions approaching 
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absolute flexibility. The discussion should be considered from 
that point of view. 

Referring first to Mr, Kempton’s paper, the tests reported 
verify the conclusion that porcelain used in compression is 
suitable for such strains as are likely to occur with a flexible 
and comparative!}’* light overhead system. Referring to the 
question raised in the paper as to whether mechanical stresses 
weaken the porcelain stock electrically and therefore whether 
the combined mechanical and electrical test is necessary, it is 
the writer’s belief that Mr. Kempton has arrived at the answer 
in the following statement: 

It was thought probable that the high stress in the section of porcelain 
under the load opened up slight flaws in the stock, rather than causing 
the sound porcelain to puncture below its unstrained puncture voltage.” 

It is possible that if the compression were applied to the in¬ 
sulator stock in such a manner as to absolutely distribute the 
pressure uniiormhq there would be no evidence that a me¬ 
chanical stress within the breaking limit weakened the insulator 
electrically. As a matter of fact, insulators of the style illus¬ 
trated by Fig. 9 of Mr. Kempton’s paper are subjected to a fairly 
uniform, and not very heavy unit stress, this being in tension. 

With the various forms of insulators for use in compression, 
however, the stress is not distributed uniformly, as the metal 
parts are are necessarily elastic. For instance, in the double 
spool strain insulator illustrated by Fig. 29 of Mr. Smith’s 
|)aper, there is necessarily some irregularity in the application of 
the mechanical stress to the porcelain. This difficulty also 
exists with the “ loop ” or “ fish-tail ” type of insulators. It 
was in the testing of these two types of strain insulators that we 
found it necessary to apply mechanical and electrical stresses 
simultaneously to determine the true safe limits of the insulator. 
It is the writers belief that after sufficient experience with a 
strain insulator of a given form it will not be necessary to make 
the combined tests on every insulator, but in this catenary work 
for heavy electric traction, which will usually have to be erected 
over a line already in operation, any reasonable expense in testing 
which will avoid replacement of insulators in the completed 
structure will ordinarily be found justifiable. 

Referring to Mr. Smith’s paper, the following comments are 
offered. 


Poles and Bridges. There is still room for the development of 
a light form of pole to take the place of wood. One of the 
principal criticisms whicli maintenance-of-way officials make to 
the electrification with overhead trolley system is the danger 
to persons and property in the case of a derailment or collision 
which may result in overthrowing the overhead structure. It 
has been found that with wooden poles supporting a strong 
catenary structure, a derailment will result in cutting away the 
pole without bringing down the conductors. Fleavy bridge work 
or heavy steel pole structures will not act as satisfactorily in such 
accidents* 
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Messenger and Trolley Wires. Mr. Smith refers to the use 
of a dynamometer in the rection of the messenger and trolley 
wires. Such practice was at first viewed with scorn by the 
superintendent who handled the Denver & Interurban work, 
and he has had very extensive experience in the construction of 
trolley work and transmission lines. Before the job was com¬ 
pleted, however, this superintendent was enthusiastic over the 
results obtained, as he found time was actually saved and the 
structure when complete required veiy little readjustment and 
this only during construction and not after operation was begun. 
Since we left the job it has not been necessary to take out an}^ 
slack or make material readjustments. This seems to prove also 
that the tension used, namely from 2000 to 5000 pounds, de¬ 
pending on the temperature, is entirely practicable and pro¬ 
duces good results. 

Use of Tension Devices for Trolley Wire. There was a question 
in the writer’s mind as to whether the success' of these devices 
in Europe was not due to the fact that the current collector 
used is very light and flexible. Such collectors are practicable 
in Europe where train speeds are relatively low, the variations 
in height of trolley are relatively small and currents collected 
are relatively low compared to American practice, but with the 
service which we are called upon to operate in this country such 
forms of pantagraph have thus far proved impracticable. With 
the American form of pantagraph shoe a pressure of at least 
14 lb. seems to be necessary. Such shoes were tested out on the 
Pennsylvania R.R. test track and the writer watched their 
operation closely on the German form of catenary and compared 
this operation with operation on German roads previously in¬ 
spected. The results, in so far as they could be noted with the 
brief tests on the short section of track, indicated that the Ameri¬ 
can form of shoe will work as well as the European form, al¬ 
though this is quite contrary to the expectation of European 
engineers. It is the writer’s belief that the success of this 
combination will depend on the ability to eliminate hard spots 
from the line. This seems possible at practically all points where 
high speeds are necessary. 

Referring to Mr. Coomb’s report that in the Pennsylvania 
R.R. test a form of catenary construction with one messenger 
and one conducting wire, the latter being supported with thin 
flexible hangers, gave as good results as operation on the German 
type of construction—this presumably relates to the action 
of the pantagraph shoe on the two types of conductor support, 
and seems reasonable to expect, as the flexibility of the simple 
construction is practically a great as that of the German con¬ 
struction provided there is sufficient distance between the mes¬ 
senger and the trolley wire so that the hangers are at all points 
long enough to be flexible. One question in relation to such a 
construction can be determined only by a test extending over a 
considerable time. This is the life of the flexible hangers. The 
oldest catenary trolley road in operation is that of^the Stubaital- 
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bahn at Insbruch. On this line a simple catenary is used 
and the hangers are of galvanized iron wire, apparently about 
No. 12 in size. The writer inspected this line about two years 
ago and noted that many of these hangers were broken, appar¬ 
ently due to the vibration of the trolley wire. Such breakage 
will not occur with the heavier forms of trolley hangers described 
in Mr. Smith’s paper. 

Referring to the European construction mentioned by Mr. 
Smith, it is the writer’s understanding that this construction 
vs/as developed by the Allgemeine Electricitats Gasellshaft 
to obviate the necessity of tension devices used in the Siemens- 
Schuckert construction. It was believed with the use of an 
equalizer such as is illustrated in Fig. 16, the expansions and 
contractions in a catenary structure due to changes of tempera¬ 
ture would be taken care of satisfactorily, without - any other 
adjustment. 

Catenary Hangers. Referring to the various forms of catenary 
hanger illustrated, one point which should be looked out for is 
that the hangers shall not damage the galvanizing .of the mes¬ 
senger cable. This cable is an expensive item of the catenary 
structure and one hard to replace without delay to the traffic. 
It is therefore important that the life of the cable shall be aS’long 
as possible and to this end the galvanizing should remain intact. 
A form of hanger which has a fiat loop over the messenger wire 
is therefore safer than a sister hook construction or any other 
form in which the cable may be more or less cramped. As 
Mr. Thurston pointed out, the design of the loop over the mes¬ 
senger should be such that the hanger can be moved along the 
messenger easily. 

Steady Strain Device. Referring to the device illustrated in 
Fig. 28, of Mr Smith’s paper, attention is called to the 
fact that the brace between the trolley wire and insulator is so 
short that without material change in the length of the bracket 
it is possible to place the steady strain insulator on either side of 
the main insulator and therefore always have the steady strain 
in tension. On other words, it is not necessary to use the steady 
strain as a strut which may produce a hard spot, as suggested 
by one of the speakers. 

Strain Insulators. Mr. Smith makes a very good point re¬ 
garding the disc type of insulator as follows: 

** An excellent point about the disc type of insulator when used within 
its capacity is that there is a mechanical linkage of the guy cables on 
opposite sides of it, which prevents their falling apart if the porcelain 

breaks.” 

This feature should be incorporated in all strain insulator 
construction. It exists in the double spool strain insulator 
illustrated in Fig. 29 of Mr. Smith’s paper. It cannot, however, 
be incorporated in such wood strain insulators as now employed 
and this is one of the principal objections to the use of wood, 
as either burning or breaking of the wood will throw the overhead 
structure out of alignment and possibly drop it. 
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W. H. Kemp ton: In speaking of porcelain and its quality, I 
do not want to give the impression that I do not have faith 
in it, but rather that I realize its limitations. All companies 
making high-voltage insulators, have developed the material to 
such a point that it is quite reliable; and while there is still room 
for improvement in porcelain insulators, and while many com¬ 
panies are trying to improve their quality and get more uniform 
results, still I think it is well to admit just how reliable porcelain 
is, and use that information Jn our designs. In that way we 
will avoid over-confidence, and thus get a design which will not 
break down in service. 

Regarding Fig. 9 of the paper, I regret that I did not fully 
explain in the original paper that this is not a commercial in¬ 
sulator. It was made for the deliberate purpose of getting what 
Mr. Thomas points out; a pure tension stress for the purpose of a 
combined mechanical and electrical test. 

As a matter of fact, the company with which I am connected 
manufactures large quantities of insulators along the line Mr. 
Thomas suggested: that is with the pin extended far up into the 
head and cemented in. We have made them with a mechanical 
strength of over 15,000 lb. That form was not touched on in 
this paper, as it is used as a suspension insulator. I did not 
expect to include that form of insulator in the discussion, and so 
avoided bringing the matter up. 

Referring to the other question, regarding the protection of the 
insulator, I personally am convinced that the breaking of the 
petticoats on the insulators he described, was not due directly 
to electrical stresses. I have punctured many insulators and 
have yet to find one that broke, except under mechanical strain, 
or due to the heat from the arc. It is possible in the instance 
e described, that it was first punctured, and the heat from the 

t t the insulator, caused 


_ Another explanation might be added although it 
IS rather far-fetched, and I do not think is correct; 
hat IS, that type of insulator has considerable 
capacity, and due to the high frequency of the light- 
nmg. It IS possible there would be a marked vibration 
of the porcelam. But I do not think it possible to 
get sufficientwibration to shatter the porcdain. 

are nrettw of porcelain, as now manufactured, 
q™ £ •+^5'^ \ thmk it was the heat from the 

£d them insulator. I have 

AssuiSn^ Vn ^ f “ily manner in actual tests. 

directiy b^ stresJeT due%o 

might be broken -unfin’ -uv these units 

not think it possible for all n-f disabling the line, but I do 
Th^ .Jr possipie tor all of them to be broken in that 

Th. accompa=y,„g c„t shows a suspension insulate lidITp 
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of eight units. Of course, the insulator may be made up of 
the proper nuniber of units to suit the voltage of the line. Each 
of these units is ten inches in diameter and has dry flash-over 
voltage of 90,000 volts. 

Replying to Mr. Mershon’s comments, I think his statements 
in a measure verify my claims. As pointed out in my paper, 
the samples used were made without any attempt to secure 
extra good quality. The figures given are such that they may be 
used for design work with safety. As pointed out, especiall}'" 
prepared samples can be made with the same mixture and 
carefully burned and much higher results be obtained. Such 
samples are always made with uniform section and comparatively 
small.^ I have made tests with very much higher results, 
but did not give these figures for the reason that if they were 
used in a design, the insulator would fail to come up to the 
expectations of the engineer, and the manufacturer would be 
discredited as also would porcelain as an insulating material 
having mechanical strength. 

Bronze is a parallel case. Government experiments show 
that bronze can be made with a tensile strength of 100,000 pounds 
per sq. in. and over, but practical foundrymen will decline to 
guarantee over 50,000 lb. to 60,000 lb. per sq. in. 

It would be interesting to know if the dielectric strength of 
the samples made by Professor Schwarz was as good as the best 
American product. The two qualities must be worked out to¬ 
gether. ^ High tensile strength can be had at the expense of 
dielectric strength. 

Mr. Mershon’s criticism of my statement regarding the range 
of porcelain manufacture is in a measure merited. When it is 


considered that high voltage material must be moulded in a 
plastic state, dried, and then burned at a temperature that 
renders it pliable, it will be seen that it is difficult to make be¬ 
yond a certain size and that the shape must facilitate moulding 
and drying the clay. 

Referring to the “ grain " noted by Mr. Mershon, it might be 
said that it is practically impossible to mould wet clay into 
insulator forms without its having a more or less marked filDrous 
structure. It might also be added that, to the best of the 
writer's knowledge, it is impossible to make high voltage porce¬ 
lain by the “ dry press ” |.)r()cess. In the wet process, the clay 
is mixed with water to a plastic state when all air can be removed 


from the body. When the clay dries, it leaves a dense close 
grained body, In the “ dry " process, the clay is ground up dry 
and made moist enougli to make it retain its shape when pressed 
in a mould. Mechanical pressure is depended upon to make the 
body compact, and experience has proven that a sufficiently 
den^e body cannot be obtained in this way for high voltage work. 

There are one or two points I should like to speak of in con¬ 
nection with Mr. Smith’s paper: one is in regard to the length 
of the brackets for a spacing of eight feet between the center of 
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the track and the center of the pole. From a .rather -uncom¬ 
fortable experience, I found it was necessary to use a longer 
bracket on curves than on tangent, when the poles were placed 
on the outside of the curve. This is due to the rake of the pole 
ill one direction, and the elevation of the track in the other. 
With these conditions it is necessary to use extra long brackets 
on curves, or longer ones everywhere. 

Mr. Smith speaks of lining up trolley wires on the curves when 
pantograph trolleys are used I think it is unwise to allow as 
much deviation from the center line on curves as was the practice 
at the beginning There are four considerations to be borne 
in mind in this connection. One is the rake of the pole; two, 
the elevation of the outer rail; three, the speed; four, the play 
of the bolsters on the car. 

At standstill or at slow speed on curves the pantagraph 
trolley tends to swing toward the inside of the curve; but when 
running round the curve at 40 miles an hour, the momentum of 
the car throws it over on the bolsters toward the outside of the 
curve so that there is a difference of from 10 to 12 in. in the posi¬ 
tion of the trolley with respect to the wire. In one case, 
the line had been constructed very carefully; but in spite 
of that the pantagraph trolley would swing out free from the 
trolley wire and pull down some of the line or pull the trolle}^ 
from the car. It looked impossible from measurements on 
the line until we discovered that the construction of the 
car allowed it to swing over on the bolsters when going 
around the curve at high speed, sufficient to throw the pantagraph 
clear of the trolley wire. The remedy in that case was to. re-line¬ 
up the trolley wire and add more poles or pull-offs where neces¬ 
sary to reduce the offset of the trolley wire and then fix up the 
car to avoid such excessive swaying 

This IS one of the personal experiences I have had emphasizing 
the care that must be exercised in the erecting of a trolley line on 
which pantagraph trolleys are to be used. 

. W. II. Smith, The remarks of those who have joined in the 
discussion quite generally agree as to the fundamental principles 
underlying catenary construction. 

As was stated by the Chairman, the overhead line still offers 
a great number of unsolved problems. Fortunately they are of a 
tv pe capable of being attacked by the profession at large. Com- 
paratively few electrical railway engineers have been trained as 
designers in electrical factories, and those who have not can 
hardly approach the problems of motor design at the poinJ 

L<dn current railway discussions 

byy*® theories of motor design require a mathe¬ 
matical ability which is not so well distributed amongst engi- 

thrjfnS anrf P underlie 

dectrffication Vrfhf f undertaking in railway 

^ i' + of overhead construction, and of the 

quipment related thereto, are mostly mechanical, and are thus 
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open for solution to engineers generally on a broader and more 

liberal basis than is usually embraced in the commercial or 

manufacturing point of view—as has been indicated this 
evening. 

Taking up the various comments in their order, it seems to me 
that Mr. Coombs answered Mr. Thomas’s question in respect to 
the secondary arm or tip which has sometimes been employed 
at the top of the main pantagraph. This device has been used 
on the Simplon tunnel locomotives with sliding shoe on the 
tip. The Simplon locomotives travel with a maximum speed of 
45 miles per hour and the contact shoes are of the sliding type. 
Even with the lessened inertia of this device, the shoes only last 
about 1700 miles. 

It is true that my references to the beginnings of catenary 
construction applied only to its use in this country, as there has 
not been very much evidence that at the time of its introduction 
in America, our practice was influenced particularly by European 
methods. 

Mr. Hixon’s reference to wave action brings out a fundamental 
principle underlying successful catenary construction and opera¬ 
tion where circumstances are favorable; that is to say, I believe that 
the best results will be obtained when wmve action, as referred to 
by Mr. Hixon, is recognized and provided for. This depends 
very largely on the construction of hanger employed, and only 
experience can demonstrate which type of yielding or floating 
trolley^ hanger is really the best. The experiments mentioned by 
Mr. Hixon . and Mr. Harte will doubtless help in determining 
this exceedingly important matter. 

The fact that the old pole and wheel trolley operates so well 
with trolley wires having considerable sag, illustrates the im¬ 
portance of recognizing wave action, which is so much in evi¬ 
dence with the wheel type trolley; and this confirms my belief 
that the natural and desirable wave action in the trolley wire 
will be very much helped by the roller pantograph, and with 
less wear^ and tear than with the sliding pantograph. This 
point of view is based upon the probability that the heavy work 
of the future will be at high tensions, i. , at 11,000 volts or higher, 
and that the trolley pole and the narrow grooved wheel ac¬ 
companying it will not be regarded as thoroughly reliable for 
high speed operation under steam railroad conditions, so that it 
will be necessary to have a transverse rolling or sliding contact 
which will not leave the wire under any circumstances and which 
the motorman or the train conductor will not be obliged to re¬ 
gard as an extra source of responsibility or w'orry. The problem 
becomes then one of flexible operation at high speed with a 
transverse contact device, and it is quite evident that the suc¬ 
cessful operation of such a combination will be met only by recog¬ 
nizing and providing for a vertical wave action in the trolley 
line. 

Mr. Coombs' reminds us of the fact, commonly overlooked 
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that the railroad track itself is not a plane surface as it is usually 
considered to be, and that the train itself makes a wave action 
in the rails as it runs over the track. This emphasizes the ne¬ 
cessity for directing our efforts towards upward flexibility in the 
trolley wire, rather than to smoothness without flexibility. 

With respect to the possible twisting in the compound catenary 
construction, illustrated in Fig. 27, as apprehended by Mr, 
Coombs; it would seem to me that where the wires are strung to a 
fairly even tension, and the hangers of the proper length, and all 
parts securely and tightly drawn up, there would not lie any 
tendency to roll when the line is properly adjusted. If one of 
the wires is much tighter than the other there will, of course, 
be a tendency for the structure to get out of position. 

I agree with Mr. Thurston that it is very desirable to have 
the connection at the top of the spacing rod flexible, so as to 
allow it to move with reference to the messenger wire. . This is 
an instance of the value of practical experience—in showing 
the value of flexibility, which engineers were chary of a few 
years ago. 

Mr. Harte emphasized the interesting fact that successful 
operation depends on uniformity of resistance at the contact 
surface, i.e., hard spots should be kept out of a yielding line or 
soft spots out of a hard line, or, in other words, the line should 
be either uniformly hard or uniformly yielding. The successful 
operation of the Denver & Internrban catenary line has been 
due to the fact that it was uniformly hard and smooth, and tlie 
reason why it was built in that manner was, in the first place, 
because it w^'as necessary to use the sliding jjantograph bow, the 
wheel trolley being regarded as impracticable; secondly, we had 
to make use of such types of hangers as were commercially 
available at the time, there being no flexible type hangers of 
known reliaDility then manufactured; consequently it was im¬ 
possible to construct a line which w^e could be sure wx)uld be 
uniformly flexible, and we were therefore obliged to adopt tlie 
method of making the line uniformly hard and smooth., which 
was done in the manner indicated in the paper, and which has 
proved to be successful as a working proposition. Having no 
means for making the line flexible, we did the next best thing; 
and while I will readily admit that it would in some respects 
have been an easier line to build if it had not been necessary to 
draw it so tight, two years of operation and maintenance have 
developed no defects, and apparently it is as satisfactory to 
operate as though it were of the flexible type. 

The experirnental lines constructed with flexible hangers 
mentioned by Mr. Hixon and Mr. PI arte will doubtless have 
considerable effect in determining the development of catenary 
details, but it now appears that both the Schenectady and 
Connecticut lines are operating with wheel trolleys and not 
with sliding bows. It seems to me that the contact-making 
conditions which must be ultimately fulfilled by equipment 
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for heavy traction are not being met in these installations, and 
u they will be somewhat inconclusive. If they 

should be tried out with pantagraph trolleys of the sliding' or 
roller type, then there would be something definite upon which 

to base conclusions for the heavy and high speed work of the 
future. 

The question of clearance referred to by Mr. Kempton, is, 

pertains to conditions on each particular 
job; b feet was^ mentioned as a minimum which was actually 
used in a large installation without any bad results. I believe 

however, that feet is better, as used on the Denver & Inter- 
urban line. 

inclination of the trolley brackets on curves was varied 
iiom the horizontal; it car leaned away from the iiole, the 
bracket is inclined downwards; if toward’ the pole, the bracket 
is inclined upwards, in order to prevent the horizontal panto¬ 
graph bar from fouling the bracket arm. 

The 1 oiler type of trolley contact has liecn in use in Euroiie 
foi some years; the Valtellina installation in Italy licing Tierhaiis 
the best known instance of its application there. I referred to 
its use on the Pacific coast as the first and only aiiTilication of its 
use in this country._ Since writing the pajier I have ascertained 
through the Lleclnc Journal that on the Valtellina line, where 
the overhead construction is not very tiglit (and not of tlic 
catenary type) the rollers have an average life of 15,,")()() miles 
and frequently carry more than 200 amperes jier roller, and that 
m the opinion of Mr. Von Kando of the Italian Westinglmuse 
Cm the excellent life of the contact roller is due partly to the 
diherenee between rolling and sliding friction, and iiartly to 
the fact that each element of the roller is lieated bv' the pa.ssing 
current only at the instant of contact, and does not, remain in 
contact long enough to get melted; while with the slidini- con- 
tact tile wear is excessive when the current is more tlian Ho am- 


X V w) • 


It seems to be agreed that the vertical flexil.le workinu con- 
cuctor i.s very de.sirablc, and tlie best reiiorts of .srnoof.h oiiera- 

nm'thehVr installations wdiere the rolling and 

not the s,li(lmg contact is used. 

It IS my belief: that trolley jiole and wheel are not suitalile for 

imdIr. X «'ntact device is indis|,ensable 

mi 1 ’ suggest that the next stc}) forward 

.should be m the develoiunent of the roller tvrie of c'ont'ict 

mem?, f wire, in'whicli the ele- 

whI P, tensioii, contact i>ressure, and iiantograiih inertia 

will be compromised to i:)roduec tlie desired effect 

fnr b tmP fvl! ’>>yp’\who have had good oi.portimities 

loi attu,il observation, that when sjieeds of 45 miles per hour or 

i.y»..vjri,;,;;. 

tact device for hca.vy currents are so difficult as to lie bej-ond the 








1034 


PORCELAIN—CATENARY CONSTRUCTION [May 27 


field of experience at lower speeds. Granting this to be true, 
there is all the more reason for developing, practical mechanical 
devices for making contact. Only experiment can decide the 
question positively, and it remains to be seen whether the de¬ 
vices above suggested can be adapted to high speed, or whether 
recourse must be had to some combination yet to be invented. 

Edwin B. Katte (by letter): The following is a description of 
porcelain strain insulators used upon a- recently constructed 
11,000-volt aerial transmission line and a 650-volt direct current 
distribution system. 

Specifications. The 11,000-volt strain insulators shall be of 
two piece construction; the 650-volt strain insulators shall be a 
single piece of porcelain. Porcelain surfaces shall be thoroughly 
glazed a uniform brown color, shall be free from pits, cracks or 
other imperfections and the material sound and homogeneous 
throughout. All insulators shall conform to the dimensions 



given on the attached illustration. Fig. 1 and Fig. 2, within 
3/32 in. except those given for pin holes which shall conform to 
the drawing to within 1/16 in. 

Tests. The contractor shall supply for test free of cost 2 per 
cent of the insulators from each furnace charge. These shall 
be broken and on the exposed surface shall be placed drops of 
red ink which shall not spread or show signs of absorption. 
The exposed surface shall be free from cracks, checks, blow-holes, 
etc., and shall show a close and uniform grain. 

A. High Tension Strain Insulators. Each 11,000-volt strain 
insulator selected by the inspector shall be mounted on a two-in. 
metal pin, shall be subjected to a potential of 80,000 volts ap¬ 
plied between the pin and the wire groove for one minute without 
showing signs of breakdown, leakage or excessive brush discharges. 
TVhen mounted in a vertical position on a 2-in. metal pin and 
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subjected to a precipitation of f in. of clear water per minute 
with current applied between pin and wire groove the insulators 
shall not break down or arc over at less than 50,000 volts. Each 
insulator when mounted upon a steel bar in a manner to be 
approved by the engineer shall safely withstand a continuous 
load perpendicular to the pin of 9,000 lb. applied b}" means of a 
No. 4/0 seven-strand, hard-drawn copper cable. 

B. Low Tension Strain Instdators. Each 650-volt strain in¬ 
sulator selected by the inspector shall be mounted on a 2-inch 
metal pin, shall be subjected to a potential of 30,000 volts ap¬ 
plied between the pin and the wire groove for one minute without 
showing indications of conductivity, breakdown or surface 
leakage. When mounted in a vertical position on a 2-inch metal 
pin and subjected to a precipitation of | of an inch of clear water 
per minute with current applied between pin and wire groove 
the insulator shall not break down or arc over at less than 16,000 
volts. Each insulator when mounted upon a steel bar in a man¬ 
ner to be approved by the engineer shall safely withstand a con¬ 
tinuous load perpendicular to the pin of 10,000 lb. applied by 
means of a 1,000,000 circular mill, 91-strand, hard-drawn copper 
cable. Each insulator shall withstand, momentarily, without 
sign of fracture, 15,000 lb. applied in the manner specified. 

SUMMARY OF TESTS 

Type of insulator Electrical requirements 


11,000-volt strain.Dry, 80,000 volts for one minute. 

Wet, 50,000 volts without arcing. 

650-volt strain.Dry, 30,000 volts for one minute. 

Wet, 16,000 volts without arcing. 

Mechanical requirements 

11,000-volt strain...Continuous load of 9,.000 lb. 

650-volt strain.Continuous load of 10,000 lb. 

650-volt strain.Momentarily load of 15,000 lb. 


Inspection Results. Competitive bids were invited for high 
and low tension strain insulators and the contract finally awarded 
to an insulator manufacturer of high standing. Insulators vrere 
offered for inspection and acceptance with the following results: 



Total No. 

Number 

Per cent 

Type of insulator 

delivered 

accepted 

rejected 

11,000-volt strain. 

156 

129 

17.3 

650-volt strain. 

172 

163 

5.2 


Mechanical Tests. From a large number of tests to determine 
the mechanical strength of the insulators the following have 
been selected as typical: 


11,000 VOLT STRAIN INSULATORS 


1 

No. of test 

Pounds pressure 

Time pressure 
applied 

Remarks 

13 

11,390 

5 mins. 

0. K. 

13 

13,400 

3 mins. 

Cracks developed. 

13 

13,735 

Instantly 

Failure. 

14 

8040 

10 mins. 

0. K. 

14 

10 720 

2 mins. 

Cracks developed. 

14 

11,055 

Instantly. 

Failure. 
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650 VOLT STRAIN INSULATORS 


1 

! 11 

6,700 

5 mins. 

0. K. 

11 

10,050 

3 mins. 

0. K. 

11 

10,385 

Instantly 

Failure. 

12 

8,710 

3 mins. 

0. K. 

12 

12,060 

2 mins. 

0. K. 

12 

13,400 

Instantly. 

Failure. 


Results in Service. The insulators described above have beeix 
in continuous service for about three years with the following 
results. 


Type of insulator 

■ 

No. in- 

Mech. 

Elec. 

Broken 

by 

Per cent 
Failure 
from aU 

stalled 

failures 

failures 

violence 

causes 

High tension strain. 

101 

5 

0 

0 

4.9 

Low tension strain. 

86 

8 

0 

0 

9.4 . 


Conclusions. It must be concluded from the above that the 
per cent of mechanical failures has been high considering the 
care with which the original shipments were inspected and tested. 
For the relatively low voltages there is no difficulty in securing 
the requisite electrical strength, but further combined efforts 
of engineers and manufacturers are necessary to secure greater 
mechanical strength in porcelain strain insulators for heavy 
service. 







A paper presented at the 27th Annual Con¬ 
vention of the American Institute of Electrical En¬ 
gineers, Jefferson, N. H., June 28, 1910. 


Copyright 1910. By A.I.E.E. 


CONSERVATION OF WATER POWERS 
Presidents Address 


BY LEWIS B. STILLWELL. 


The conference of governors, which assembled at the White 
House, in May, 1908, in response to an invitation extended by 
President Roosevelt, focused the attention of the American 
people upon a subject which all recognize as one of fundamental 
national importance and one which appeals to the engineering 
profession with all the force which comes from special knowledge. 
True conservation of our natural resources means wise utilization 
of those resources without unnecessary waste. Such utilization 
of materials used in construction and of energy is the primary 
and essential business of the engineer. Since the days of 
Smeaton and of Watt, the engineer has been building the light¬ 
houses of material prosperity and releasing and directing for the 
common welfare, those vast forces of nature imprisoned and over¬ 
looked for centuries but now utilized on a scale which dwarfs 
the physical powers of man to insignificance. 

During the last 25 years, a period practically coterminus with 
the life of this Institute to date, the art of transmitting power by 
electricity has grown from a laboratory experiment into a de¬ 
velopment universally recognized as one of the great factors of 
industrial and commercial life. 

The latest publication of the United States Geological Survey, 
relative to this subject, estimates the aggregate water powers 
of the United States at minimum flow to be 36,000,000 horse 
power and the aggregate which presumably can be developed 
on the basis of six months’ flow per annum at not less than 
67,000,000 horse power. 

A very large proportion of the water powers hitherto un- 
appropriated are either located upon government lands or are 

1037 



1038 


STILLWELL: WATER POWERS 


[June 28 


dependent, wholly or in part, upon the run-off from government 
lands. 

The regulations established by national and state govern¬ 
ments which control or affect the further utilization of water 
powers, therefore, are of peculiar concern to the members of 
this Institute. A bill endorsed by the administration is now 
before Congress which, if passed, will confer definitely upon the 
President and his executive assistants full authority in respect 
of withdrawal of public lands and unappropriated water powers. 
Probably the bill will pass and if so we may expect that the 
question of governmental machinery and methods for handling 
practically this highly complex and vitally important subject 
will be raised in acute form. 

If the views of the engineering profession are to be effective, 
either in moulding public opinion or in assisting the legislative and 
executive representatives of our people, by supplying facts essen¬ 
tial to correct generalizations and deductions, it is important 
that those views be clearly stated at the right time and that 
apparent lack of agreement among thOvSe best qualified to measure 
the practical results of existing or proposed governmental regu¬ 
lations should not destroy their influence. 

The present occasion seems opportune for the presentation of a 
brief and non-technical discussion of the practical bearing and 
effect of existing laws governing the appropriation of water 
powers located on public lands, which, as now construed and 
applied, are seriously retarding the utilization of these powers. 

To those who realize the vast possibilities of a far-sighted and 
thoroughly scientific development and utilization of our water 
power resources, particularly those of the Rocky Mountains and 
the Sierras, no subject can be more interesting. Present prac¬ 
tice, whether ideal or faulty, is more likely to be modified than 
revolutionized, and now is the time for unprejudiced and candid 
discussion of the regulations now in force. 

(1) The Relation of Forests and Stream P''low 

The Bureau of Forestry has established regulations governing 
the appropriation of water powers located on streams which 
drain watersheds included in whole or in part in Forest Reserves. 
Among these regulations is the imposition of a graduated rental, 
to be paid by the individual or corporation appropriating the 
water power and used by the government for forest purposes. 
This rental rests upon the assumption that the appropriator of 
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the power will be benefited by the preservation of the forest, 
and this idea is accepted generally by engineers and by the public, 

■ Mr. Gifford Pinchot, Chief Forester at the time when the 
present regulations were established, states his understanding 
of the physical facts upon which this charge is based in a docu¬ 
ment explaining the policy of the Forest Service, as follows. 

The National Forests include the great mountain chains of the 
west. The rain and melting snow of these ranges feed the mountain 
streams. The forest cover on the steep slopes acts like a mighty sponge, 
absorbing the excess of rainfall in the wet season and giving it out to the 
thirsty lands in the dry season. It is for the express purpose of thus 
‘ securing favorable conditions of water flows ’ (Acts. June 4, 1897) that 
Congress has authorized the creation of national forests and expends 
money for their administration and maintenance. Where the forest 
cover is destroyed by reckless lumbering and the fires which inevitably 
follow, the rains immediately run off the steep slopes as from the roof 
of a house, producing destructive floods in the valleys and leaving no 
store of water for the dry season. Therefore, when a power company puts 
its plant on national forest land, it gets from the government two things 
which it ought to pay ior,-viz., (a) The use of lands of great value for 
power purposes, for the. steep mountain sides give the fall which is es¬ 
sential for a power plant; (6) the guarantee of a steady flow of water as an 
incident to the land occupied by the plant. This steady flow is also es 
sential to a power plant. 

During the last two years, the question of the actual or as¬ 
sumed effect of forests on the watershed in regulating the run-off, 
has been widely debated. That forest cover controls the run-off 
to a material extent has been vigorously asserted by engineers 
prominent in the government service and by many others, and 
on the other hand, it has been seriously questioned by a number 
of our leading engineers, notably by Col. Chittenden, in a paper 
read before the American Society of Civil Engineers, in March, 
1909, and by Dr. Willis L. Moore, Chief of the United States 
Weather Bureau, in a report addressed to the Committee on 
Agriculture, of the House of Representatives, in 1910, entitled 
“ A Report on the Influence of Forests on Climate and on 

Floods.’’ 

•I do not propose to enter into a detailed discussion of this 
complex subject at this time. Col. Chittenden s paper and its 
discussion, as printed in the Transactions of the American 
Society of Civil Engineers, have covered the subject perhaps 
substantially as well as it can be covered by applying the induc¬ 
tive method to existing records. 

The report of Dr. Moore and the article on Floods , in 
Water Supply Paper No. 234, prepared by Marshall O. Leighton, 
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Chief HydrogTaplier of the U. S. Geological vSurvey lu'ive also de¬ 
bated the subject at great length, the radical (lifTerciice ol: 
opinion between these two gentlemen being due ai)|)a,rently 
in large degree, to the fact that Dr. Moore is considering 
total annual run-off, while Mr. Leighton is investigating the 
relation of “ flood tendency ” to precipitation. 

As Dr. George F. Swain pointed out in a recent discussion of 
this subject at Boston, the difficulty in reacliing an agreement 
along the lines adopted in the papers referred to rcasuUs from tlic 
fact that all of these gentlemen are applying tlie inductive metliod 
of reasoning to a subject so complex and so varied as pnictiealiy 
to preclude the possibility of general agreenicnt in tlie infereru'es 
drawn. The physical laws which govern tlie phenomena under 
discussion are all well known, and to the scientist tlie deductive 
method of dealing with this subject is not only easier Init is more 
convincing than the attempt to draw conclusions from incom¬ 
plete records of precipitation and stream flow where even ap¬ 
proximate knowledge of the extent to which tlie surface of tlie 
watershed in ciuestion is forested, or plowed, or covered by 
vegetation other than forest, is not available. 

Such reasoning unquestionably leads to tlie conclusion tliat 
the preservation of forests on the watershed dot's to a. greater 
or less extent regulate and control not the aggrt'gate a,nnual 
run-off but the rate at which that run-olT varies during the yt'ar, 
and this idea is accepted generally by engineers and hy tlie 
public. It is also accepted apparently liy the majority of engi¬ 
neers who have discussed this subject in our various engineering 
publications, using the inductive method in drawing tlieir con¬ 
clusions. 

As the essential physical facts which bear <Hrectly upon forest 
control of run-off, and consequently upon the relation of forested 
watersheds and water power, the following as stated hy Dr. Moore 
may be accepted probably without material error: 

(1) Precipitatkm controls forestation, hut forestaticai has little or no 
effect upon precipitation. 

(2) Any local modification of tcmpeniture and humidity caused hy the 

presence or absence of forest covering the buildings of villages and dties 

etc., could not extend upward more than a few hun<lred feet, and in tliis 

stratum of air saturation rarely occurs, even during rainfall, wliereas 

precipitation is the result of conditions tliat exist ni sueli altitude's as not 

to be controlled or affected l)y the small thennal irregularities of tlie 
surface air, 

(3) During the period of accurate observations, the total annual pre- 
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cipitation. has not increased or decreased to an extent worthy of considera¬ 
tion. 

(4) The total annual run-off of our rivers is not affected materially by 
any other factor than precipitation. 

(5) There is adequate evidence to justify the conclusion that ex¬ 
treme floods in recent years attain higher, stages than formerly. 

Other conclusions stated by Dr. Moore in the report above 
referred to the author is not prepared to accept, and as regards 
that forest control which is practically related to the commercial 
value of water powers, he believes the following to be a correct 
statement: 

While the aggregate annual run-off of our rivers in general depends 
upon the total annual precipitation^ the presence of forest 
cover on the watershed regulates the rate of run-off to an extent 
vuhich in many cases ma terially affects the value of the water power ^ 
this regulation tending to equalize the flow and prolong it during the 


dry season. 

With this understanding of the essential physical facts which 
are pertinent it is proposed in this paper (1) to discuss briefly 
certain provisions included in the present regulations of the 
Forest Service governing the appropriation of water powers 
dependent in whole or in part upon forest reserves, and (2) 
to suggest the outline of a plan which to the author appears 

preferable to that now in force. 

The present form of permit provides a nominal charge (rental) 
for the land occupied by power house, dam, canals, penstocks, 
flumes, etc., the rate being “ One dollar per acre and Five dollars 
per mile for the land occupied by said works It provides also 
that “ the gross operation charge for any year shall be calculated 
by the forester upon the basis of the quantity of electric energy 
generated in such year at a maximum rate, which shall not exceed 
the following amounts per thousand kilowatt hours: 


For the 1st year.. 

“ 2nd “ . 

“ 3rd “ . 

“ 4th “ . 
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The foregoing are maximum rates applicable only in cases 
where all the water utilized comes from the Forest Reserve and 
the entire head developed results from the topography of the 
forest: In all other cases, deductions are made as follows: 

‘ From the gross operation charge for any year calculated as above: 

(а) A sum bearing approximately the same ratio to one-half of such 
gross operation charge as the area of unreserved land on the watershed 
bears to the total area of the watershed as of the beginning of each year. 

(б) A sum bearing approximately the same ratio to one-half of such 
gross operation charge as the length of conduit outside the Forest Reserve 
bears to the total length of such conduit as of the beginning of each year. 

(e) A sum bearing approximately the same ratio to the balance re¬ 
maining after said deductions “ a ” and “ b ” as the quantity of electric 
energy generated from water stored artificially by the permittee over and 
above what is generated by the natural flow, bears to all electric energy 
generated. 

The sum remaining after all the aforesaid deductions have been made 
constitutes the net operation charge for such year. 

The rationale of the deduction for water stored artificially by 
the permittee is obvious. That for the first two deductions 
described is stated in an informal explanatory document of the 
Forest Service, as follow^s: 

Since the two advantages furnished by the Government are tlie 
maintenance of a steady flow from the forested watershed, and the fall 
resulting from the topography of the forest, one-half of the conservation 
charge is calculated as based upon each of these advantages. Therefoi'e: 

(a) if a part of the watershed which supplies the power plant is outside 
of the national forest, the one-half of the conservation charge calculated 
upon the advantage resulting from the maintenance of the steady flow 
by the conservation of the forest cover is reduced proportionately and 
(6) if a part of the fall which the permittee is to use in developing power is 
outside of the national forest, the one-half of the charge which is based 
upon the fall is reduced proportionately. 

The Imposed Rates as a Tax on Power Enterprises 

The proposed conservation charge, at least during the early 
years of the contract, cannot be regarded reasonably as con¬ 
stituting any very serious financial burden imposed upon the 
individual or corporation developing the water power. If 
power be sold at an average price of one cent per kilowatt hour, 
the maximum conservation charge during the first five years of 
operation is equivalent to a tax of 0.61 per cent of gross receipts. 
During the next five-year period, it is increased to 1.25 per cent 
of gross receipts and it increases gradually from this figure to a 
maximum of 3.25 per cent of gross receipts, which rate applies 
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during the last five years of the 50-year life of the contract. 
The average charge during the fifty-year period is 2.086 per cent 
of gross receipts, if power be sold at the price assumed, viz., one 
cent per kilowatt-hour. 

If power be sold at an average price of 0.5 cent per kilowatt- 
hour the average conservation charge during the period of the 
lease becomes 4.172 per cent of gross receipts, and the maximum, 
which applies during the last five years of the lease, is 6.5 per 
cent of gross receipts. 

It is a fair question, however, W'hether a more rational method, 
and one which in certain important respects would tend to 
produce better results, might not be devised. The plan in force 
obviously is open to several objections. Among these are: 

(1) The imposition of a tax upon output means that the man 
who installs a highly efficient plant is called upon to pay a 
higher conservation charge than the man who wastes w’'ater by 
the installation of a cheap and inefficient plant. The effect of 
the conservation charge in influencing type of construction, and 
consequent effective utilization of the water, will probably 
be small but unquestionably that influence is exerted in the 
wrong direction: 

(2) The proposed method of charging imposes a heavier burden 
upon the man who sells his power at a low price than upon 
him who sells it at a high price. The tax measured in per¬ 
centage of gross receipts, is obviously twice as high in the case of 
the man who sells power at an average price of 0.5 cent per 
kilowatt-hour as it is in the case of a man who sells power at an 
average price of one cent per kilowatt-hour. 

Both of these objections were pointed out in a paper read by 
Mr. F. G. Baum, before the American Institute of Electrical 
Engineers, at Atlantic City, N. J., in 1908, but the writer has not 
heard them referred to since, and they deserve careful con¬ 
sideration. 

(3) Mr. Baum also calls attention to the fact that under the 
plan proposed by the Forest Service the man who takes his 
power to a market, say one hundred to three hundred miles away 
must pay to the Government for the losses incurred in doing so 
and pnys more than the man who sells to the home market. 
The man who reaches out with his power is equalizing conditions, 
just as railroads equalize conditions by their transportation 

facilities ^ h 

The Italian law, recognizing this point, reduces the rental 
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in the case of transmitted power. The basis of tin's riMiuct ion, 
as stated by M. Rene Tavernier, Chief Engineer, I)e|):irtnu‘nt of 
Public Works, Republic of France, in his valualjle articli* an 
The Public Utility of Water Powers and tlieir Gf>verinn(‘nt 
Regulation” (Water Supply Paper No. 238) is as follows: 

For power transmitted by means of electricity to distances greaf t‘r 
than 10 kilometers (about S miles) there is granted ii|)on tin* aiimial rent al 
of 3 francs per horse power, a I'eduction calculated by mult ip lying tlit‘ 
square of the distance exjjressed in kilometers by a flxetf eoetfn-ient 

of 0.001. In no case shall the rental be reduced to less than orn* half 
• of 1 franc per horse power. 

Under this formula the minimum reduction, tliut is to O.aO fraiie, w ill 
he attained in transmission over ,50 kilometers (about 31 milc-.;|. 

While the method of ttpplying the ” conscrvtititin cdiargt* *' 
has been ^ criticised in many quarters and wliile tlte objedions 
above pointed out are valid, the method in force possctsses un¬ 
doubted advantage in the fact that it is didinite and readily 
determined by refei'ence to records wliicdi tlie ptuMnittei* can 
easily keep. The charges moreover are adjusted to eruamraitv 
development of the water powers by recognizing tlu' fac-t: tliat 
few, if any, can earn interest on the necessary invt‘stni<*rit froiri 
the start. In enterprises of this kind, the eosUpiu* unit of uut|nit 
generally decreases as the output increases, d'lu^ fonrst sci’vicc 
charge, recognizing this fact, is made small at tlu- start and iin 
CTeases gradually. Except by reducing t.he average^ cliargi^ tor 

e period, it would be difficult to devise a plan li‘ss onerous for 
the permittee. 

(4) Vl^hile the imposed charge could not be regiirclisl as icy 

cessi«, if the power developed were emirdy, or oven' viTV larvd v 
dependent upon the preservation of forest cover „po„ lie viow 

^ fepresents a high rate when measured in etmiparison 

with the increase in commercial value of the iiower, vvhifh, under 
ordinary conditions, is due to the forest. If, for illustratioji, it 

average conditions "forest control " 

4:. 1/.a per cent of gross receipts is a tax of 2().,S(! per cent of tlie 
gross value contributed by the forest. 

(5) Ihe tax is imposed upon power from all " forest n-serve 
lands, regardless of the actual condition of tlH> forest inxm 
whroh ,t is based. Obviously, therefore, a nnifonn l!;; .m.st I w 
very much heavier in some cases than in others as enmieired 
w.th the benefit upon which it theoretically re* 

(6) It tends to retard utilisation of water powers and sthmi- 
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lates the use of coal for power purposes—a result which is in 
d'irect contravention of the primary object of conservation. 

(7) Something less than one-half the public domain is included 
within the limits of the forest reserves. To secure maximum 
revenue and to minimize the average retarding effect upon 
utilization of these water powers resulting from a system ot 
rental, any charges which may be imposed by the federal 
Government upon water power appropriation should apply to all 
public lands. 

The author has expressed the opinion that the imposed charge 
would not be regarded as excessive if the power developed were 
entirely, or even very largely dependent upon the preservation ot 
forest cover upon the watershed. In his judgment, however, 
that effect has been very greatly exaggerated by the majority of 
writers who have endeavored to instruct the public regarding 
the subject. 

To sustain the announced theory of the Forest Service, it is 
evident that the value of the water power should lie directly 
dependent upon forest control of the run-off. Oliviously the 
statement that “ the forest cover on the steep slopes acts like a 
giant sponge, absoi'bing the excess of raintall in tlu; wet st;;ison 
and giving it out to the thirsty lands in the dry season ” and tliat 
the “ power company which puts its plant on national forest 
land gets from the Government the guarantee; of a steady (low of 
water ” are highly figurative. 

The extent to which forest cover and otlier surface conditions 
which tend to regulate run-off, suctieed in etjualizing st ream (low, 
is illustrated in the following tabulated statement, sliowing in 
the case of ten (10) fairly representative rivers of the Atlantic 
and Pacific slopes the maximum, average and minimum run-oil 
in second feet per square mile for periods of five consecutive 
years and the minimum run-off expressed (u) in percentage ot 
maximum run-off and {b) in percentage of averiige run-off. 

Without attempting to discuss the complex coiulitions which 
determine the relations of maximum, average and minimum 
run-off, it is evident that in no case does existing forest cover 
or any other surface condition effectively equalize, the flow. 

As regards the relation (ff minimum to maximum run-olT, 
the most favorable case, that of the Merrimac river, shows a 
minimum flow of 1.86 per cent of the maximum, while for the 
ten rivers the minimum flow averaged is 0.837 of the maximum 
flow averaged. As regards the relation of minimum to average 
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run-off, the most favorable case, the Yadkin, shows 17.6 per cent 
while the average of the ten (10) rivers is 9.95 per cent. 

The effect of forest cover in adding to the commercial value of 
a water powder, results from two facts, namely, first, the fact 
that an increase in minimum run-off reduces the necessary in- 

FIVE YEAR RUN-OFF TABLE 


1 

River 

j 

1 Gauging 
station 

Drain¬ 

age 

area 

sq. 

miles 

Maxi¬ 

mum 

run-off 
sec. ft. 
per sq. 
mile 

Average 
run-off 
sec. ft. 
per sq. 
mile 

1 

Mini¬ 

mum 

run-off 
sec. ft. 
per sq. 

1 mile 

i 

Mim 

in 

cer 

Max. 

imum 

per 
it of 

Ave. 

1 

Kennebec. 

Waterville, 

Me. 

4380 

17.5 

1.96 

1 

1 

0.0388 

0.222 

1.9S 

Merrimac. 

Franklin 

Junction, 

N. H. 

1460 

16.93 

1.998 

0.315 

1.86 

15.77 

I Connecticut... . 

j 

Holyoke, 

Mass. 

8144 

14.12 

1.623 

0.258 

1.83 

15.9 

i 

{Susquehanna... 

1 

1 

1 

Binghamton, 
N. Y. 

2400 

19.62 

2.044 

0.0187 

0.095 

0.916 

Yadkin. 

Wilkesboro, 
N. C. 

500 

36.8 

2.446 

0.43 

1.17 

17.6 

Savannah. 

Augusta, Ga. 

7294 

18.83 

1.56 

0.198 

1.05 

12.7 

Black Warrior. 

Near Cordova 
Ala. 

! 

1900 

26.0 

1.515 

0.01473 

0.0567 

9.73 

Feather. 

Oroville, 

Cal. 

3640 

29.0 

2.354 

0.33 

1.14 

14.0 

Yakima. 

Near Yakima, 
Wash. 

3300 

19.37 

1.322 

0.1926 

0.995 

14.56 

Naches. 

Near North 
Yakima, 
Wash. 

1 

1120 

19.55 

1.489 

0.0268 

0.137 

1.8 




21.772 

1.8311 

0.18226 

0.837 

9.95 


vestment in auxiliary steam or other power plant; second, the 
fact that some portion of the flood w^aters, which otherwise would 
flow past the power plant, at a time when the water available 
exceeds the amount needed, is held back long enough to permit 
its commercial utilization. As regards the first of the two con¬ 
ditions referred to, if we assume that auxiliary steam power is 
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ULsed to insure a continuous supply equal to the average which a 
^iven head on each of these rivers can develop, it will be 
seen that such auxiliary plants must be capable of producing 
power in an amount ranging from 82 per cent to 98 per 
cent of the water power. The difference, therefore, between the 
"best and the worst case among these typical streams affects the 
cost of the auxiliary plant to the extent of 16 per cent of the 
cost of a steam plant capable of developing the same output as 
■the water power. 

As regards the effect of forest cover upon the relative pro¬ 
portions of energy output from the water power and from the 
auxiliary steam plant, the conditions are so complex as to prevent 
profitable generalization. The holding back of a portion of the 
flood waters saves fuel and other operating costs of the auxiliary 
steam plant or reduces the artificial storage required. While it 
is evident that this effect, under the best conditions existing 
utpon any of the watersheds, drained by the streams referred to 
in the table, is not such as to justify tUe theory that the forest cover 
is the principal factor affecting the value of the water power, the 
author would not be justified, from present knowledge, in at- 
"tempting to fix its average effect upon that value. 

P'eatures of the Present Regulations which should be 

Changed 

JPermit Non-Transfer able {Clause 15). 

Clause 15 of the power agreement now in force reads as follows: 

The permit here applied for shall be non-transferable (U. S 
Revised Statutes, Section 3737) and shall be subject to all prior 
valid claims which are not by law subject thereto ”. 

The aim in view of course is to prevent monopoly, as a result of 
■which an artificial price might be maintained higher than the 
a^verage which would be fixed by competition of similar de¬ 
velopments in the same market. 

If effective, it is obvious that this requirement must retard 
development. The economic reasons which demand that water 
powers on the same stream should deliver their output to the 
same network of distributing circuits in many cases are material, 
and those which demand that the output of developments on 
different streams should be similarly combined are even more 
xveighty. In the former case, under certain conditions, as has 
been pointed out by Mr. W. S. Lee, in his paper before the 
American Institute of Electrical Engineers, (Proceedings for 
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April, 1910), the net output of a stream effective for commercial 
purposes may be considerably increased. In the latter case, 
owing to the fact that the relative run-off of neighboring water¬ 
sheds sometimes varies widely 'during successive years, the re¬ 
liability of the supply of pow^er to the user is materially in¬ 
creased by combination. To put the matter another way, if 
combination be not permitted the aggregate investment in auxil¬ 
iary steam plants or gas engine plants must be largely increased, 
which obviously is bad economy and means an increase in cost 
of power not only to the producer but also to the user. 

By electrically combining the output of a considerable num¬ 
ber of water powers, interruptions of service, due to accidents 
to flumes, or to transmission circuits, are decreased. 

The clause, in my judgment, should be modified by per¬ 
mitting transfer, subject to approval by the government. The 
right of a state or municipality to fix charges, in the case of a 
public utility company selling its product within the limits 
of such state or municipality, has been established by decisions 
of the Supreme Court of the United States. The danger that 
American communities in general, knowing this fact, will 
submit for any great length of time to the imposition of rates 
that are really extortionate, is not comparable to the economic 
loss which is certain to result from the imposition of conditions 
limiting the opportunity for profitable investment of capital. 
In this connection it is evident that even an assumed water power 
monopoly of the largest conceivable size must sell its power at 
a cost lower than the cost of competing power produced by steam 
plants. 

The established right of a state or munieipality to fix rates at 
which power is sold is an absolute protection applicable by local 
governments best able to judge the conditions which determine 
what is an equitable charge. 

Continuous Operation of Plant. 

Clause 18 reads as follows: 

The permittee shall, except when prevented by the act of God or the 
public enemy, or by unavoidable accidents or contingencies, continuously 
operate for the generation of electric energy, the works to be constructed 
under the permit hereby applied for, in such manner as to generate after 
such generation begins, not less than the following percentages of the 
full hydraulic capacity of the said works measured in kilowatt hours; in 
the first year . . . per cent; in the second year . . . per cent; 

in the third year . . . per cent; in the fourth year . . . percent; 

in the fifth year . . . per cent; and in every year thereafter . 

per cent. 
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The object in view is to prevent a power company increasing 
its prices by creating an artificial power famine and to secure full 
utilization of the available power. Some permits have specified 
that not less than twenty-five per cent of the full hydraulic 
capacity, measured in kilowatt hours, must be generated; others 
as much as seventy-five per cent, depending upon special cir¬ 
cumstances supposed to govern the case. 

In many cases this clause presents serious difficulty to the 
power company. In the majority of instances with which the 
writer has been personally familiar, it has been extremely diffi¬ 
cult, if not impossible, to predict either maximum or minimum 
limits of the growth of power output. Circumstances may be 
conceived under which a power company, operating not only 


the plant covered by the permit but also other plants, might 
shut down the first named to produce temporarily an artificial 
scarcity of power, but the fact that this would mean an idle in¬ 


vestment would make this a rare case. If it be necessary to 
retain such a clause, it should be accompanied by a provision 
permitting, with the consent of the government, a reduction in 
the percentages originally fixed. 

While discretionary power to make conditions upon which 
capital has been invested more onerous will retard or prevent 
development, the bestowal upon a Secretary of Agriculture or 
a Secretary of the Interior, of power to make those conditions 


less onerous involves no corrcs 


ponding public risk, since that 


Secretary would destroy himself politically who should grant 


such authorization without pro]3er cause. No power company 


can afl'ord to invest capital under a contract which leaves it in 
the power of a government official to increase the burdens of the 
enterprise within the term covered by the permit, but the govern¬ 
ment and the public can well afford to bestow upon a responsible 
official authority to reduce those burdens upon proper applica¬ 
tion and presentation of valid reasons. 


Term of Permit 

Clause 20 of the permit in. force reads as follows: 

“ The permit hcrcl)y ai)plicd for shall cease and be void, upon the 
expiration of fifty years from the date of ai>proval hereof, but it may then 
be renewed in the discretion of the duly authorized officer or agent of the 
United States, and U|)on such conditions as he may in his discretion fix: 
Provided tliat sucli officer or agent, in fixing such conditions shall consider 
the actual value at that time for power and all other purposes of the 
lines and rights of way within National Forests occupied and used under 
the permit hereby applied for and the actual value at that time of all 
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improvements lawfully made by the permittee -within National Forests 
under the permit hereby applied for, but neither the property of th 
permittee, if any. outside of National Forests, nor the permit, franchises 
bonds, capital stock or other securities of the permittee shall be considered 

in fixing such conditions.” 

It will be noted that this clause contains no provision for 
taking care of the contracts which may be in force between the 
permittee (or his successor) and his customers at the expiration 
of the fifty-year period, nor does the author find any provision 
covering this point elsew^here in the power agreement.^ It is 
obvious that by its absence the value of the permit during the 
latter years of'its life, is materially impaired. Power contracts 
are frequently, in fact generally, executed for periods of not less 
than five years and frequently for ten or even twenty years. 

The contract agreement should include a clause guaranteeing 
for a period not less than five years subsequent to its termina¬ 
tion, the fulfillment of contracts between the permittee and 
customers existing at that time. 

The Permit Revocable 

Under the law as it now stands the Forest Service can grant 
to an individual or coi'poration seeking to develop water power 
from Forest Reserves only a permit revocable by the Secretary 
of Agriculture in his discretion. The so-called “ Second right- 
of-way ” act is entitled “An Act relating to rights-of-way through 
certain park reserves and other public lands,” and bestows author¬ 
ity in this matter upon the Secretary of the Interior. A later 
iaw% approved February 15, 1901, transferred to the Secretary 
of Agriculture responsibility for the execution of all laws relative 
to national forests. 

No argument is necessary to demonstrate that a permit 
revocable in the discretion of the head of a department is not an 
adequate basis for financing an enterprise requiring investment 
of capital. This vital defect of the existing law to-day stands 
squarely in the path of legitimate and praiseworthy enterprise 
seeking to develop and utilize our many water powers from forest 
reserves now" wasted. Every proper influence should be brought 
to bear by those interested in the true conservation of our 
natural resources to secure a modification of the law removing 
this otherwise insuperable barrier. 

An Alternative Plan 

The man who criticises adversely a plan which has been elab¬ 
orated by others is not necessarily under obligation to suggest 
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an alternative and, moreover in the judgment of the author, any 
plan which imposes a tax npon water power or fuel is at best of 
doubtful wisdom. Assuming, however, that upon careful con¬ 
sideration the American people should decide definitely and 
finally to impose a tax upon natural resources of the public 
domain, to be used in conserving and developing those resources, 
it is perhaps not improper to suggest the outlines of a plan which 
from the standpoint of public policy appears preferable to that 
now in force. The essential features of the plan which he would 
suggest are the following: 

(1) A tax imposed on all sources of power found upon public 
lands—a royalty on coal mined and a rental upon water power. 
The charge for water power to be based not upon an indefinite 
and disputed relation of forest covering and commercial value 
of the power, but upon the fact that the Government needs 
revenue to develop and conserve our natural resources, owns the 
power, and, as owner, possesses an unquestionable right to im¬ 
pose a charge for its use. The Federal Government is no^v 
selling coal lands on the pnhlic domain at prices which, on the 
average, approximate one-tenth of one cent per ton of the coal 
which it is estimated the property can commercially yield. If 
the coal be used to produce power under average conditions 
this tax is substantially equivalent to 0.5 cent per lOOOkw-hr. 
as against an average rental of 20.8G cents per 1000 kw-hr now im¬ 
posed in the case of water power. The theory of conservation 
unquestionably points to a-n increase in the price fixed for coal 
lands or a decrease in -water power rental, or both. By adjusting 
the charges for coal and water power to approximate equality, 
as measured by their respective ability to produce power, the 
tendency of the present method to stimulate the use of coal 
for power purposes as against the use of water power—a tendency 
which, as the author has stated, is in direct contravention of the 
fundamental idea of conservation—will be avoided and the 
aggregate revenue ultimately available to the Federal Govern¬ 
ment for the purpose contemplated will be enormously increased. 

The general features of the present contract agreement en¬ 
forced by the Forest Service as regards fifty-year limit of the 
period of appropriation sliould be preserved. The other re¬ 
strictions now imposed should also be retained except that cer¬ 
tain clauses should be modified to meet the practical objections 
which have been pointed out, in so far as mature consideration 
may determine the validity of those objections. 
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The proceeds of royalties upon the sale of coal land and forest 
products and rentals of water powers should be used to conserve 
our national resources by development under broad and systematic 
plans—to conserve forests, build dams, improve navigation and 
irrigate the arid lands. 

(2) The charge imposed upon water powers to be based upon 
the amount of water appropriated and the effective head re¬ 
sulting from the topography of the Government lands concerned. 

Under the present plan, it is necessary to measure the water 
used in order to fix the third deduction from the charge based upon 
output. The difficulty of measuring water, therefore, must be 
met and it is as easy to fix the second-feet appropriated as to fix 
the deduction allowed for artificial storage by a permittee. 

Under this plan it would be to the interest of the permittee 
to install a plant of high efficiency and not a plant of low efficiency 
as the present method of charging suggests. 

An important practical point in this connection is the fact 
that the estimate of competent Government engineers, dis¬ 
cussed with and agreed to by the permittee would constitute 
a safer basis for the investor who may undertake to finance the 
enterprise than he now has in the data submitted for his considera¬ 
tion by the promoter. 

(3) There is a third suggestion which perhaps may be worthy 

of consideration in view of the fact that conditions as regarcis 

cost of development and characteristics of the market for power 

differ so widely in various parts of the country. That suggestion 

IS that the Government engineers of the departments or bureaus 

concerned prepare comprehensive preliminary plans for the 

development of water powers of a given watershed and that these 

water powers collectively or severally be leased to the highest 

bidder, the Government, of course, reserving the right to reject 
all bids. 
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HEADLIGHT TESLS 


BY C. FRANCIS HARDING AND A. N. TOPPING 


The Indiana Railroad Commission, having been instructed to in¬ 
vestigate and rule upon the compulsory use of more powerful head¬ 
lights on steam locomotives operating in the State of Indiana, re¬ 
quested that both road tests and laboratory tests be carried out 
by the Engineering Schools of Purdue University, under the 
direction of Dean C. H. Benjamin, to determine the effect of 
such powerful headlights upon the interpretation of signals and 
upon the ability of the engineer to see 'and recognize obstacles 
upon the track in front of the locomotive. These tests wdiich were 
carried out in the fall of 1909, consisted of two distinct groups as 
follows: 


Group 1. Road tests carried out on the St. Louis division 
of the Big Four Railroad for the purpose of comparing effects 
noted above of oil and electric headlights under actual operating 
conditions. 


Group II; Lalioratory and out-of-door tests carried on by 
the School of IHectrical Engineering, Purdue University, under 
the direction of the authorvS to determine the photometric and 
spectrophotornetric values of the above headlights as well as 
corresponding values for reflected light from signal roundels. 

Since the completion of the above tests, the authors have 
carried out similar but more detailed tests on the above head¬ 


lights together with a number of new types. In the belief of the 
authors of this paper that little has been made public along 
these lines, and that many engineers will be interested in this 
subject, the result of the latter tests are herein set forth pre¬ 
faced by a brief abstract of the previous road tests. 
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Group I— Road Test 

The following road tests were carried out during the night 
of October ,13th, 1909 on the main line of the Big Four Railroad 
near Indianapolis, Indiana. Independent observations of signal 
aspects were taken by eleven observers seated in an open front 
observation car provided with headlights of different types 
placed at the same distance above the track as when mounted 
upon the locomotive. These observations were later compared 
and averaged and the results of the same briefly summarized. 
For detailed information regarding these road tests reference 
should be made to the paper by Dean C. H. Benjamin, read 
before the Western Railway Club and published in the A|)ril 
Proceedings. 


Procedtire. Test numbers 1 to 6 inclusive were carried out in 


the following manner: 

The observation car was run back 5,000 feet from the liome 
signal and a long blast of the locomotive whistle sounded. 
The colors of the home signal were then changed by a committee 
appointed for this purpose which remained at the signal. The 
observers in the observation car did not know the changes 
that were to be made in the colors. After suflicient time had 


elapsed for the signal to have been changed, the car was moved 
towmrd the home signal and short stops were made at prede¬ 
termined intervals. At each stop, each of the eleven obvservers 
recorded independently the aspect of the home signal as he 
saw it. These records were collected after each test and later 
compared with one another and with the actual aspect of tlie 
signal in each case. 


Test No. 1. Observation of Colors of Home Signal at Distances 
Ranging from 300 to 5,000 Feet with Electric Headlight on 
Observation Car and the Opposing Electric Headlight 200 
Feet in Front of Home Signal. 

From a comparison of the observations made of a number of 
different aspects in this test, wdiere both headlights were of 
the electric type, it wms noted that at distances of 3000 ft. or 
over the signals were invisible; that correct interpretation of 
the signals occurred at distances ranging from 800 to 1500 ft. 
from the home signal, depending upon the observer, and that at 
a distance of 800 ft. identification was practically unanimous. 

■ The interesting feature about this test is the fact that at dis- 
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tances of from 400 to 800 ft. many observers noted green signa 
where there was none displayed; at 600 ft. eight of 
observers recorded a green signal where no light existe 
at this point a green roundel had been placed with 
light behind it. This so-called green phantom is 
often noted by engineers operating locomotives with powerfui 
headlights and is supposed to be due to the reflection of the 
transmitted from the headlight to the unlighted green rouii 
and thence back to the eye of the observer or locomotive 
gineer. No such effect as this was noted in tests Nos. 2, 4 c 
6 where the observation car was provided wdth an oil headlight. 

Test No. 2. Obsewation of Colors of Home Signal at Distances 
Ranging from 300 to 5,000 Feet with Oil Headlight ^on Obser¬ 
vation Car and on Opposing Electric Headlight 200 Feet in 

Front of Home Signal. 

Under the conditions of this test the results vrere quite similar 
to those of test No. 1, with the exception that no phantono 
signals were noticed. One observer only interpreted the signa 
correctly at a distance of 3000 ft., and at 600 ft., practicahy 

all observations were correct. . 

The results of this test show that distances at which signals 

can be correctly interpreted are affected more by the character 
of the opposing headlight than by that of the headlight on the 
observation car, and further, that phantom signals are due to 
the reflected light from the unlighted roundels made nuticeaba. 
by the great intensity of the electric headlight. 

Test No. 3. Observation of Colors of Home Signal at Distances 
Ranging from 300 to 5,000 Feet with Electric HeadU^it on 
Observation Car and the Opposing Oil He'odhght 200 Feet 
in Front of the Home Signal. 

The correct aspect of the home signal was generally recog- 
riS in this test at the Ml distance of 6,000 ft. and .dent.hca- 
tVwas practiMly complete at 3000 ft Here 
bp noted that a considerable number of phantom 
recorded due to reflection, these 

from 600 to 800 ft. The S™aV?the time 

locomotive engineers ca ed up headlight, the 

he hi meetmg a ““ P‘l"‘PP^ „hich he must mate his 
distance and therefore the tune i rmnosin^ head- 

, correct observation is much less than when the opposm. 

light is of a less powerful type. 
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Test No. 4. Observation of Colors of Home Signal at Distances 
Ranging from 300 to 5,000 feet with Oil Headlight on Observa¬ 
tion Car and the Opposing Oil Headlight 200 Feet in Front 
of the Home Signal. 

Under the conditions of this test practically all the observers 
were able to read the signals correctly at the full distance of 
5,000 ft. and identification was unanimous at 2,000 ft. 

Test No. 5. Observation of Colors of Home Signals at Distances 
Ranging from 300 to 5000 Feet with Electric Headlight on 
Observation Car and no Opposing Headlight. 

Practically complete identification of the home signals was 
made by all observers at the full distance of 5,000 ft. In spite 
of the fact that there was no light behind one of the green 
roundels during the test, several observers recorded a green 
signal at distances ranging from 400 to 800 ft. 

Test No. 6. Observation of Colors of Home Signals at Distances 
Ranging from 300 to 5000 Feet with Oil Headhght on Obser¬ 
vation Car and no Opposing Headlight. 

This test represents the best condition for the reading of 
signals since they were all read correctly by all observers at 
4,000 feet and no phantom signals due to reflection were ob¬ 
served. 

Classification Signal Tests 

Tests Nos. 7 to 10 inclusive were made to determine the dis¬ 
tance at which the classification signals on the front of the 
approaching locomotive could be read with the two types of 
headlights. As the classification signals displayed on the front 
of the locomotive indicate either that a train is a special or that 
another train is following on the same schedule, it will be noted 
that the correct reading of these signals is of extreme importance. 
The procedure in all of these tests was as follows; 

The observation car was run back several thousand feet and 
a long blast of the whistle sounded. An engine with an opposing 
electric headlight displaying classification signals located at the 
side of the smoke box was run on to the same track. Upon 
notice from the committee which prepared the classification signals, 
the observation car was moved forward slowly and first stopped 
at a distance of 400 ft. from the opposing locomotive. Addi¬ 
tional stops were made at distances of 100 ft. until observations 
became unanimous in reading the classification signals. 
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Test No. 7. Classification Signal Test with Electric Headlight 
On Observation Car and Opposing Electric Headlight on 
Locomotive. 

In this test both white and green classification signals were 
displayed. At 400 ft. only four observers saw the white light 
and at 300 ft. only eight could see it. None of the observers 
saw the green light at a distance of 200 ft., while nine of the eleven 
observers saw the white light at this distance. The above test in¬ 
dicates that the opposing electric headlight limits the distance 
in which the engineer can correctly observe the classification 
signals to a very small margin. The difficulty in observing 
the green signal was possibly due to the predominance of green 
rays in the headlight used. The spectrophotometric analysis 
of this light is shown in Table IX. 

Test No. 8. Classification Signal Test with Electric Headlight 
on Observation Car and Opposing Oil Headlight on Locomo¬ 
tive. 

The green and white classification signals displayed in this 
test were read correctly without difficulty by all observers at 
400 ft., most of the observers having seen the signals at 800 ft. 
The ability to read classification signals correctly, therefore, 
is much greater with the oil headlight opposing than in the case 
of the more powerful electric headlight. 

Test No. 9. Classification Signal Test with Oil Headlight on 
Observation Car and Opposing OH Headlight on Locomotive. 

The green and white classification signals were correctly 
identified by all observers at 600 ft, while some observers noted 
signals correctly at distances ranging from 1,200 to 2,200 ft. 
It is interesting to note from this test that with nothing more 
powerful opposing than an oil headlight, with an oil headlight on 
the observation car, the distance at which classification signals 
could be read was increased over that with an electric headlight 
on the observation car by about 50 per cent. 

Test No. 10. Classification Signal Test with Oil Headlight on 
Observation Car and Opposing Electric Headlight on Loco¬ 
motive. 

Two white classification signals were displayed and were seen 
correctly by all observers at 300 ft., while some observers saw 
them correctly at distances ranging from 600 to 800 ft. It 
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should be noted from this test that the inability to distinguish 
correctly the green signal in Test No. 7 is not due to its position 
upon the locomotive, but rather to its color, since the two white 
signals in this test were distinguished at the same distance. 

Obstruction Tests 

It has been argued that more powerful headlights for loco¬ 
motives, by increasing the distances at which obstructions may 
be seen on the track, may prevent the occurrence of accidents. 
The following tests were made to determine the exact distance 
at which various objects on the track in advance of the loco¬ 
motive could be seen and identified. It should be noted that 
in these tests the observers were on the lookout for some ob¬ 
struction and observations were made at times when the car 
was at a standstill, both of which conditions were obviously 
more favorable to the correct detection of objects on the track 
than in ordinary railroad practice. The procedure in all of 
these obstruction tests was as follows: 

The observation car was run back a distance of 2,000 ft. and 
the usual signal given with the whistle. Different objects were 
then placed upon the track in the various tests, the approximate 
localities of the obstructions being known to the observers, 
who, however, had no knowledge of the kind of obstructions 
which were to be used. When signalled by the committee 
which had the preparation of the obstacles in charge, the obser- 
vatiori car was moved slowly forward and stopped at regular 
intervals. Independent records were made at each stop of 
whatever obstruction was noted by the observer. Note was 
also made of the distance at which the obstruction could be 
identified. An. electric headlight was used on the observation 
car throughout these tests. 

Test No. 11. 

A speeder was placed on the track for this test. Comparison 
of the records shows that this was first noticed by about one- 
half of the observers at a distance of 700 ft. and by the remainder 
at 500 ft. It was not fully identified, however, until the car 
was within 300 ft. of the obstruction. 

Test No. 12. 

A car was backed on a siding so as not to be entirely clear 
of the main track. The majority of the observers did not 
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notice this obstruction until the observation car'v'us withiii 
about 900 ft. of it. Those who were not railroad men. or at 
least familiar with railroad practice, did not recognize tins car 
as an obstruction, so that the test was not conclusive. 

Test No. 13. 

Two sacks stuffed with straw about tlie size of a man’s body 
were placed between the rails and remained^ umdentilied by 
all but two observers until the car was within 250 ft. o; t u. 

obstruction. 

Test No. 14. 

Two coal cars were backed on the mam track lor the linal 
test. This obstruction was noticed by practically all observius 
at a distance of 1,300 ft. but was not fully hlcntilhd until the 
observation car was within 900 ft. of tlio obstruction. 

Conclusions 

The following general conclusions seem warranted Irom the 

results of the above road tests: 

1. That a powerful headlight on a locomotive has one marked 
disadvantage, namely, tliat it causes rellections from^ glass 
roundels and lenses, thereby producing false or iihimt.om signals. 
It seems likely that these are partly due to the intensity and 
partly to the spectral composition ot the liglit. 

2. That a powerful opposing headlight adjaceut to block 
signals so obscures the latter as to make it difficult to read t hem 
correctly at distances c.'cceeding l.UOO it. 

3. That an opposing oil headlight of ordinary inlensily allows 

such signals to be read correctly at ■bOOO it. nr h^ss. 

4. That even with no opposing headliglit, ilie distajice in wltiidi 
the signal can be read correctly is slightly reiluced by tire mu of 
a powerful headlight. 

5. That a more powerful lieadlight on an ap|)roaching iuigim* 
obscures the classification signals on that engintt to a iiiarkt 
degree. This is particularly true of green sigruils in tJr 
of a powerful headlight whose speetrtd intensity is liigh in green. 

6. That an opposing oil headlight of ordinary intensity allows 
either white or green signals to be read at a distance ot 4iH) it* 
or even more. 

7. That obstructions on the track cannot ordinarily s 
with a powerful electric headlight at a suilicient ilistance 


Ml a re 
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prevent accidents, since a train travelling at a high rate of speed 
cannot be stopped in the distance at which obstacles sufficiently 
large to cause a wreck were first detected. 

Group II —Laboratory Tests 
This group of laboratory tests consists of four separate series 
made on seven different lamps of various types. The lamps are 
referred to in this paper by number and may be briefly described 

as follows: 

No. 1. Luminous arc, upper electrode copper, lower electrode 

presumably magnetite composition. 

No. 2. Carbon arc, carbons inclined 45 deg. to the hoiizontal. 
No. 3. Luminous arc, similar to No. 1. 

No. 4. Electric arc, upper electrode carbon, lower electrode 
copper. 

No. 5. Kerosene oil lamp. 

No. 6. Acetylene lamp. 

No. 7. Luminous arc, same as No. 1, but instead of being 

fitted with a reflector, supplied with a lens. 

Each of the above headlights was fitted with a reflector 
supposedly parabolic in shape, except No. 7 which, as before 
noted, was arranged with a lens before the lamp. The reflectors 
on Nos. 4, 5 and 6 were polished silver, and those on Nos. 1, 
2 and 3 seemed to be polished aluminum. 

Four series of tests were made upon these lamps as follows: 
Test No. 15. A determination of the illumination produced 
by the headlight at a fixed point in the axis of the reflector. 

Test No. 16. A determination of the total light flux generated 

by the lamp. 

Test No. 17. A determination of the illumination produced 
along a course of 1300 ft. in front of the headlight. 

Test No. 18. A spectro-photometric analysis of the light 
from each lamp. 

In addition to the above, tests were made upon signal roundels 
taken from service. 

Test No. 19. A spectrophotometric analysis of the light 
reflected from roundels. 

Test No. 20. A determination of the reflection coefficients 
of 'roundels with and without signal lamps. 

. It is not necessary to point out in this paper the greater diffi¬ 
culties in obtaining exact results in photometric and especially 
in spectrophotometric analyses of the light furnished by the 
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electric arc lamp over those encountered in the comparison of 
most other illuminants. This is particularly true in the case of 
the electric arc headlights where not only the fluctuations of tlie 
arc itself are the direct cause of sudden variations in intensity, 
but also because of the fact that the arc may at times get out of 
the focus of the reflector and thus greatly multiply the variation 
in intensity of the reflected light. It should be pointed out, 
therefore, that the accuracy is probably greater in the following 
tests made with oil and acetylene headlights than in tlic case of 
the electric arc headlights, although every precaution was taken 
in all tests to obtain constant reading conditions. The results 
recorded in the following pages represent the avaiiige of a nunilKi 
of readings taken by several observers. 

Test No. 15. A Determination of the Illumination Produced by the 
Headlight at a Fixed Point in the Axis oj the Pejleclor. 

In this series of tests the headlights w^ere mounted in a dark 
room arranged for photometric purposes in such a maniutr tliat 
the axis of the reflector passed through the position of a laimmer- 
Brodhun type of sight box located at the opposite end of t-he room 
at the fixed distance of 25.7 feet from the pt)sition of the lamp. 
To balance the illumination of the arc, on the opposite sidt^ of the 
photometer screen, an incandescent lamp of a|)|m)|)riati' in¬ 
tensity maintained at a definite voltage was arrangtal to l)e 
controlled by the observer at tlie sight box. Also, under the 
control of the observer and moving with the lam]> wiis an idetiim- 
magnetically operated punch enal)ling liim to record on a slieet 
of paper upon a drum the position of the lamp corresponding to 
a photometric balance lictween the headlight and tlu‘ ('oin|>ar‘ison 
lamp. This device was descril)ed l)y Mattliews in a pa|>er bid’ore 
the A.I.E.E. in 1901.By its means a large number of inde¬ 
pendent observations corresponding to each condition wa*re taisily 
taken and thus a proper average obtained. Witl'i tlie of 

reducing the large number of possilile errors in idiotoitHdcaing 
and electric arc, the suljstitution method was u.Si*d througlirnit, 
i.e., the comparison lamj) wliile on the bar in working jnisition 
was frequently cotnpared with a standardiml lamp |>ut in 
tion on the headlight side of the siglit box. 

On account of the extremely high illumination f)rodiieed. 
the headlight, it was found ncccvssary to reduce tlie inttmsity t 
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the sight box in most cases by the use of the well known rotatini 
sectored screen. The only exception to this was with tlie 
headlight. The constant of the rotating screen was carefully 
determined and the value checked. 

The headlights were all operated as nearly as possil>le under 
conditions as specified by the manufacturers. Thus, lamps Nos. 
1, 2, 3 and 7 were operated in series with their res|)ective rc-^ 
sistances on a pressure of 550 volts, lamp No. 4 witli a c'onstant 
current of 28 amperes, No. 6 with a gas pressure from a t.ank 
supplied by the manufacturers, and No. 5 witli as high a flame 
height as could be maintained without the lan\p smoking. 

From the theory of the reflector, it was decitUMl that tlie light 
probably did not follow the law of inverse squares, and since 
the law of the illumination was to us unknown, if. was decided nut 
to attempt to express the intensity of the headligld-, l)ut. rat.lua* 
the intensity of the illumination produced by it. It. wa.s lioped 
that time would permit the inclusion in tliis i>a|)er of tlu‘ restdts 
of tests planned and in progress for the determination of t.lu* hiw 
or laws of the variation of the light from these relUn'tors, but it 
was found impossible to get these tests finished in time. 

The results of test No. 15 are found in Table I cxpia^sstnl in 
candle-feet of illumination. Considerable fluctuation of tlu^ 
intensity was noted during the test on each lamf) a.nd t.lie average 
value given in the table is the average of from twtmty to (ughty 
readings. It was thought that the range of variation for a.ny 
one lamp might be of interest and the inaxinumi and iiiiiuiiuitn 
values of the illumination are accordingly given in llm ttd>le 
together with the percentage variation above and ladow the 
average. 

In column 19 of the same table is fountl tlie ratio of tlie 
illumination of each lamp to that of the oil lamp, whicli on acconnt 
of longer and more common use was taken as a standard for the 
others. It is of interest to note that the highest illiniiinaiion 
was produced by No. 7, and that the illumination from this lamp 
is a little m.ore than twice as great as the illumination from No. 1, 
the only difference between the two lanqis being that No. 7 
is equipped with a lens and No. 1 with a reflector. It is also to 
be noted that the ratios of the illumination produced by tlie 
arc headlights to that of the oil light are of the same order, vary¬ 
ing from 23.5 to 49. It is not to be supposed, however, that 
these ratios would be the same at all distances in front of the 
headlights, in fact, the results of test No. 17 show quite tlie con- 

m 
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trary. This likely is due to the fact that the law of va,nalau; 
of the intensity of the light is, or may be diflerent tor each le- 

fleeter. 


Test No. 16. A Determination of the Total Flux Generated by 
Lamp, 

To make this test, the reflector and all unnecessary ec|uip 
meiit was removed from the headlight which was then hung in a 
circle of mirrors constituting a portion of the mirror photoinet li 
described by Matthews in the paper previously cited. Tlic^sc 
mirrors were located 15 deg. apart enabling the intensity of the 
light from the lamp to be determined at angular steps of 1«> di g. 
above and below the horizontal. The eoeflicients of reflcctiim 
of the mirrors had been previously determined. 



Fig. 1— Distribution of lamp No. 1 



The sight box of the pliotoinetcr washa'ated at the same fioint 
as in test No. 15, and the settings were taken in tin* saine niaiirier, 
with the lamp operating normally, and with all ilie mirrors eov. 
ered except those corresponding to tht‘ partiimlar aiigh’ in wliirli 
the intensity was being determined. The light from fhi* iiii- 
covered mirrors was reflected directly to Hiu |>liotomcdaie 
in the sight box. The intensity determined is from an avei'age 
of from 20 to 50 independent settings of the phoiomeltn* taken 
during a time varying from 5 to 10 minult*s. It is licdievcah 
therefore, that the results tlius obtained rcprt*sent the average 
condition of operation. 

From these intensities a distribution curve of light from 
each lamp was plotted and the Kennelly method for deim'iiitniiig 
the total light flux in spherical candles was applied. This iiietlioci 

V# lA) ft » 
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is described by its originator in the Transactions of the Illumina¬ 
ting Engineering Society. In using this method the distribution 
curve was divided into 15 deg. zones which, it was thought, would 
insure the accuracy of the determination to a point equal to that 
ordinarily obtained in photometric work. This method of de¬ 
termining the total light flux from the distribution curve was 
preferred to the method of obtaining it by a single setting on 
account of the fact that, in some of the lamps, a shadow was 
cast at the extreme angles above and below the horizontal by a 
part of the frame work supporting the arc mechanism. In the 
method used, the error which would have been introduced by 
using the single setting method was reduced by assuming such 
values of intensity at these angles as seemed likely from the 
trend of the distribution curve. It is not claimed that this can 




Pig. 3—Distribution of lamp No. 3 Fig. 4—Distribution of lamp No. 3 

. (reversed) 

give results of extreme accuracy. It is true, however, that a small 
variation in the intensities in these directions has little effect 
upon the total light flux as determined. 

The distribution curve for No. 2 could not be obtained with 
the arc in its normal position because of the fact that this posi¬ 
tion is with the carbons at an angle of 45 degrees from the vertical. 
On that account, a distribution curve taken in the vertical plane 
cannot be used to determine the mean spherical candle power. 
To obtain a distribution curve for this lamp, it was mounted so 
that its carbons hrnig in a vertical plane and the distribution 
curve taken as in the other types of lamp. It was not con¬ 
sidered, however, that this curve would coincide with the curve 
that would obtain were the lamp hanging in its normal position, 
because of the fact that the regulating mechanism has its center 
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of gravity disturbed by this change resulting in a length of arc 
different from that in normal operation. The value of the mean 
spherical candle power obtained from this curve is found in 
Table 1 Column 14. An attempt to correct for this abnormal 
condition was made by taking the intensity of the lamp when 
suspended normally in a direction corresponding to an angle 
of 37| deg. from the horizontal with the carbons in a veitical 
position. The value thus obtained was considerably laigei, 
than the intensity at the same angle with the lamp in its abnormal 
position as in the first case, the ratio between the two being 1.35. 
The intensities taken in the first determination were then 
multiplied by this ratio and the mean spherical candle power 
determined from these corrected values. Naturally, this is a 
considerably higher value than that obtained at first. Tt seems 




Fig. 5—Distribution of lamp No 4 Fig. 6■•'-Distribution of lani]) No. 5 

likely that the value thus obtained is more nearly correct. Ihe 
values of these light fluxes are found in Table I column 14, and 
in column 15 are found values of the illumination at the photo¬ 
meter sight box corresponding to the total flux found in column 
14. These values of illumination were obtained by dividing the 
light flux for a given lamp by tlie sciuare of its distance fiom the 
photometric screen. Thus for lamp No. 1, 790 mean spherical 
c.p.-^->(25.7)'^ - 1.197. This may be called the hypothetic^ 
value of the illumination were the reflector absent, lo obtain 
an. idea of the effectiveness of the reflector the actual values 
of illumination obtained at the fixed point with rdlector on the 
lamp were divided by tlie hypothetical values in column lo, 
giving results shown in column 22. JThe value thus obtaincxl 
may be called the “ Multiplying Factor of the Reflector'h It 
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will be observed that this factor is not the same for all reflectors, 
varying from 58.7 for No. 4 to 241 for No. 2. 

From the exceedingly high value of this factor for No. 2 the 
comparatively low total flux of this lamp and the peculiar dis¬ 
tribution of light from a carbon arc, it seems probable that the 
value of this factor is a function of the distribution of the light 
about the source. In this particular case the inclination of the 
carbons from the vertical, causes the most intense ray to fall 
directly in the vertex of the reflector. In no other case does this 
occur. In the case of No. 4 which has a distribution curve very 
similar to No. 2, since the electrodes are vertical, the strongest 
ray, i.e., 45 deg. below the horizontal, does not strike the vertex 
of the reflector. It may be noted in this connection that the 
multiplying factor of this reflector is the lowest of any. An 
explanation of this condition 
may be found in the fact that 
the proportion of total light flux 
falling in the vertex of the re¬ 
flector is smaller for this lamp, 
as shown by the curves and the 
values in Table I, than for any 
other. 

The foregoing is to be under¬ 
stood only as a posvsible explana¬ 
tion of the variation in what has 
been called the multiplying fac¬ 
tor of reflectors which were clean 
and in apparently good working condition. 

Test No. 17. A Determination of the Illumination Produced along 
0 ( Course of 1300 Feet in Front of the Headlight. 

The nature of this test, which was conducted on moonless 
nights, is much the same as test No. 15, differing from it princi¬ 
pally in the method employed. The attempt was made to dupli¬ 
cate as nearly as possible conditions as to position of headlight 
and illumination produced thereby as they would occur in prac¬ 
tice. 

In pursuance of this idea, a tower platform 15 ft. 6 in. high was 
built out of doors at one end of a course 1,300 ft. in length. The 
reason for selecting this height was that on the locomotive used 
in the road tests the headlight was mounted 11 ft. 6 in. above the 
track. The sight box of the portable photometer was four ft. 
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high and by placing the headlight on the platform at a height of 
15 ft. 6 in., it was possible to determine the illumination as it 
would occur on the track. The headlights designed for electric 
traction use were mounted at a height above the photometer 
level corresponding to that at which they are hormally carried 
on the car. 

The photometer used was a Lummer-Brodhun mounted on a 
tripod. For the purpose of excluding stray light it was fitted 
with a hood consivSting of two tubes of sheet iron 20 in. long by 
two inches in diameter, blackened within with lamp black. 
These tubes were attached to the sight box, one on each side 
entirely covering the opening so that no light could fall upon 
either side of the screen which did not pass through the tubes. 

For comparison, standardized incandescent lamps were used, 
which during the tests were maintained at a voltage correspond¬ 
ing to their previously determined intensity by means ot a 
rheostat. Power for these comparison lamps was obtained from 
a storage battery through a line erected parallel with and adjacent 
to the course, and having sockets connected in at every lOO ft. 

The course, which was practically level, was laid off witli 
chain and transit, and for the first 500 ft. stations were c\siablished 
every 50 ft., and after that, every 100 ft. The metliod of making 
the test was as follows: 

With the headlight in operation and directed al()ng tlie (‘ourse 
in such a manner that tlie nearer edge of tlie reflected beam first 
touched the ground at al)out '400 ft. in front of the lamp, the 
photometer was set up over each station in turn, with it.s t,ul>e 
directed toward the headlight. The comparison lamp, luild by 
one person, who also held at the lamp one end of a lOOft. steel 
tape, was moved at tlie will of tlie observer at tln^ sight l)ox, until 
a. photometric balance was obtained. Several observations 
were made at each station by different observers, which on account 
of fluctuations in. the source of light, at times varied consider¬ 
ably. The values of illumination presented in Table I I represent 
the average of these readings. 

The variation of headlight illumination with distance as de¬ 
termined in this test is clearly shown in Table II as well as in 
Figs. 8 and 9 whose curves are plotted from the data in the aliove 
table. Fig. 8 is plotted to a larger scale and includes headliglits 
numbered 2, '4 and 7 which showed the greatest intensities. 
It should be noted that there is a marked similarity in the general 
form of these three curves and the relative intensities of the 
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illumination in spite of the fact that they are taken from dif¬ 
ferent types of headlights. In Fig. 9, the intensities of the 
remainder of the headlights are shown together with a portion 
of the curves reproduced from Fig. 8 to smaller scale. From 
this one figure, therefore, a comparison can be made of the in¬ 
tensities of all types and makes of headlights tested. The con¬ 
trast between curve No. 5 representing the common type of 
kerosene oil locomotive headlight and the other curves, repre¬ 
senting more powerful types, is very marked, and it is interesting 
to note that at the maximum distance of 1,300 ft. considered in 



Fig. 8 


these tests, three headlights, numbered 2, 4 and 7 gave an il¬ 
lumination considerably above the maximum possible at any 
distance with the kerosene oil headlight. 

It will be noted from the curves, Fig. 8 and 9, that in nearly 
all cases the illumination starting at some value near the lamp 
increased to a maximum at from 200 to 400 ft. from the lamp, 
and again decreased as the distance was increased. 

That the point of maximum intensity is at some distance from 
the lamp may be accounted for from the fact that at distances 
less than that at which the maximum occurs, the illumination is 
largely due to the direct and not the reflected rays. At points 





Headlight 

Volts 

"l" 

j 

An. 

Ijeres 


(1) 

(2) 

No. 1. ... 

550 

550 

550 


No. 2. 

No. 2. .. 

4.38 

Corrected 

No. 3. 

No. 3. ■■■■ 

550 1 

550 

4.32 

Reversed 

No. 4. 


33 

No. .5. ... 


No 5 (Low). 

No.6. 

No. 7. 1 

550 


1 






Above 



75 deg. 

! 60 deg. 

45 deg. 

1 30 deg. 

15 dsg. 

(3) 

1 (4) 

( 5 ) 

1 (0) 

(7) 

— 

— 

180.5 

29.3 

460 

14.7 

91.6 

93.2 

120 

70 S 

10.7 

123.3 

125.5 

141.5 

j 95.3 

— 

— 

— 

758 

1 696 



26.9 

! 44.5 

' 77.5 

32.6 

51 

181.8 

330 


12.7 

19 

21.9 

23.4 

23.6 

36.3 

36.9 

36.3 

37.9 

36.1 

1 




■ 


FLUX TESTS OF fJEADLJGHTS 


Intensity 


; 0 (leg. 

j » (8) 

i 467.s' 
! 103.2 
I 139.2 

760 

I 35.7 

jllOO 

15.9 

35.9 


Below 


15 deg. 

•30 deg. 

4/> 

(9) 

(10) 

(11) 

426 

504 

220 

246 

39S 

495 

332 

537 

668 

723 

690 

497 

47.8 

53.5 

38.4 

925 

1423 

1680 

15.2 

12.3 

5.98 

35.8 

35.5 

35.3 


60 deg. 


( 12 ) 


153.5 
183 

246.5 


449 

1.91 


29 


75 deg. 


(13) 


202 

16.4 

22.1 


105 

26.7 


Mean 
iipherical 
candle 
power 


Jllunii nation; 
corresponding 
to in.s.c.p. 
(14) I 

(25.7)-' j 


(14) 


322.5 
185 
255 

597.5 
43.5 

790 

16.35 

34.9 


(15) 


0.497 

0.281 

0.387 

0.906 

0.066 

1.197 
0.025 

0.053 


Max. 

(16) 

87.5 

125.7 


110.5 

13.8 

147 

2.1 

1.3 

8.16 

168 


Harding and Topping lO(iS) 


Illumination 
at 25.7 ft. 

Landle feet) 

Ratio of 
illutnina- 
tion to 
illumina¬ 
tion of 
oil lain]) 

Per 

cent 

deviation 

(17) 

Per 

cent 

deviation 

(16) 

MultiiAy- 
ing factC)!' 
l?.atio of 

Min. 

Avg. 

from 

(18) 

from 

(18) 

(IS) to 
(15) 

(17) 

(IS) 

(19) 

(20) 

(21) 

(22) 

20.9 

45.3 

45.5 

93.2 

93.2 

23 

48.2 

54.1 
51.5 

92.5 

32.4 

91,8 

332 

241 

40.2 

3.8 

71.5 

8.7 

36.9 

4.5 

43.8 
56.5 

55 

58.3 

79 

131,5 

36.4 
1.79 
1,13 
7.53 

34.5 

70.2 

1.94 

1.21 

7.83 

96 

36.2 

1 

4.04 

49 

48.2 

8.5 

3.8 

63,7 

109 

8.3 

4.2 

77 

58.7 

77.5 

147.5 

191.5 


Headlight 


No. 1. 

No. 1.[ [ I ' 

Incandescent 

No. 2.. 

No. 2..! ' 

Incandescent 

No. 3. 

No. 3.;; 

Reversed 

No. 4. 

No. 5." ■ ■ 

No. 6. 

No. 7. 


Volts 

Am¬ 

pere 

50 

550 

4.50 


550 

0.55 

0,0231 

550 

4.38 

_ 

550 

0.50 

0.008 

550 

4.25 


550 

2.93 

0.150 

33 

27.90 

_ 

— 

— 

0.0274 

550 

4.59 

— 


100 


0.252 

0,00662 

1.15 

0.0019 

0.377 

0.0173 

0.801 

0.0175 

0.0315 

0.485 


TABLE II. ILL UMINATION IN CANDLE-FEET 


150" 


0,0298 

0.0158 


Distances in feet 


200 

250 

300 

400“■ 

0,234 


0, 195 

0.0986 

1.11 


1.54 

0.855 

0.265 

0.0196 


0.191 
0.042 

0.167 

0.0347 

1.46 

0.0090 

0.0613 

1.09 

0.0740 

0.658 

0.0533 

0,0627 

0.004 

_ 1 

0.549 

0.0397 
0.941 


500 

1 600 

700 

800 

0.0770 

0.0585 

0.0221 


0.336 

0.279 

0.145 

0.175 

0.116 

0.0141 

0.082 

0.0116 

0.075 

0.00947 

0.0595 

0.00429 

0.521 

0.0353 

0.321 

0.395 
0.000779 
0.0222 1 
0.236 1 

- . 1 

0.265 

0.192 

0. 141 

0.129 

0.147 

0.143 


1 900 

1- 

1000 

1100 

1200 

1300 

0.117 

0.0804 

0.047 

0.0511 

0.0446 

0.045 

0.034 

0.030 

0.0153 

0.0103 

0.150 

0.104 

0,0703 

0.090 

0.0710 

0.118 

0. 151 

0.0()925 
0.101 

0.00804 

0,110 

0.00727 

0.0944 

0.00639 
0 0871 
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which are illuminated by both direct and reflected rays, the il¬ 
lumination is naturally higher. 

Test No. 18. A Specirophotometric Analysis of the Light from 
Each Lamp. 

In order to determine the relative intensities of the various 
primary colors in the direct rays of the several types of head- 

.46 
.44 
.42 
'.40 

.36 
.34 
.32 
^ .30 

S.28 

Lt] 

J.26 
z 

O .24 

S 

z .22 

O 


-J 

=i .16 

.14 
.12 
.10 
.08 
.06 
.04 
.02 

^ 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 

^ DISTANCE IN FEET 

Fig. 9 

lights, a Martens-Koenig spectrophotometer was used. With 
this instrument the intensity of the light in the yellow portion 
of the spectrum, corresponding to the wave length of sodium 
light, (0.0005890 cm.) was balanced against that in the same por¬ 
tion of the spectrum furnished by a carbon incandescent lamp 
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Operating at constant rated voltage. The ratio of intensities 
in other portions of the spectrum was then obtained by turning 
the Nichol prism of the instrument through a measurable 
angle, thus polarizing a portion of the light from one of the 
sources. This ratio is then proportional to the square of the 
tangent of the angle from the point of complete polarization 
through which the Nichol prism has been turned to obtain a 
balance. The carbon incandescent lamp which was used in this 
case as a secondary standard was later compared with daylight 
reflected from the sky. Readings of the spectrophotometer 
were made only when the intensity of the arc was shown by the 
Lummer-Brodhun screen to be the same as when balanced at 
the wave length of sodium. 

In the following tables, numbered from III to XII inclusive, 
together with Figs. 11 to 14 inclusive, which include curves 
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WAVE LENGTH OF LIGHT (CM.) 


Fig. 10 


plotted from these tables, may be found the squared tangents of 
the angles representing the intensity of the light compared -with 
that of the carbon incandescent lamp. The corresponding values 
for daylight are shown in the next column of the table while the 
ratios of the intensity of the particular light to that of daylight 
are shown in the last column. These latter values are plotted 
as ordinates in the following curves while the corresponding 
wave lengths of light listed in the second column of the tables 
are plotted as abscissae. 

In further explanation of the curves given in Fig. 11 to 15 
inclusive, it should be noted that in each figure curve D repre¬ 
sents the ratio of intensity of the carbon incandescent lamp to 
daylight. It is possible, therefore, to compare the spectral in¬ 
tensities of the lights being considered, with daylight not only, 
but also with the incandescent secondary standard lamp. 
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By referring to Fig, 11 it will be seen that the intensity of the 
luminous arc headlight in the various portions of the spectrum 
is not materially different from that of the carbon arc, the 
former being slightly lower in the red than the latter. All types 
of headlights, with the exception of the kerosene oil shown 


TABLE III. SPECTRAL INTENSITIES OP CARBON INCANDESCENT LAMP. 

REFERRED TO DAYLIGHT 


Setting 

Wave length 
(mm.) 

Average 

reading 

Cotangent 

squared 

37 

0.000700 

29.8 ' 

3.04 

36 

0.000668 

33.1 

2.36 

35 

0.000640 

37.4 

1.71 

34 

0.000812 

41.7 

1.26 

33 

0.000586 

45.1 

1.00 

32 

0.000564 

49.0 

0.758 

31 

0.000548 

52.0 

0.610 

30 

0.000532 

55.0 

0.494 

29 

0.000516 

58.0 

0.393 

28 

0.000502 

60.5 

0.322 

27 

0.000490 

63.0 

0.260 

26 

0.000480 

65.0 

0.218 

25 

0.000470 

67.0 

0.182 


TABLE IV. SPECTRAL INTENSITIES OP HEADLIGHT NO. 1 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

37 

0.000700 

36.1 

0.530 

0.329 

1.61 

36 

0.000668 

38.1 

0.613 

0.425 

1.44 

35 

0.000640 

40.1 

0.710 

0.585 

1.21 

34 

0.000812 

42.1 

0.815 

0.795 

1.02 

33 

0.000586 

44.1 

0.935 

1.00 

0.935 

32 

0.000564 

46.1 

1.075 

1.32 

0.815 

31 

0.000548 

48.1 

1.240 

1.64 

0.755 

30 

0.000532 

50.1 

1.42 

2.03 

0.700 

29 

0.000516 

52.1 

1.65 

2.55 

0.646 

28 

0.000502 

54.1 

1.90 

3.11 

0.610 

27 

0.000490 

56.0 

2.21 

3.85 

0.574 

26 

0.000480 

57.8 

2.51 

4.60 

0.545 

25 

0.000470 

58.9 

2.74 

5.51 

0.497 

24 

0.000460 

59.8 

2.96 



23 

0.000450 

60.0 

3.22 




in Pig. 13, have less intensity in the orange and red and greater 
intensity in the green and violet than the incandescent lamp, as 
would be expected. Fig. 12 shows an interesting feature in 
connection with the luminous arc headlight with terminals re¬ 
versed which provision is made in some cUses for temporarily 
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reducing the intensity of headlights. Such a reversal introduces 
a relatively high intensity in the green portion of the spectrum 
probably due to the burning away of the copper electrode. A 
similar but more marked effect is shown in Fig. 13 in connection 


with an arc headlight of another type using a lower electrode of 
copper, with which it was found that, if a long arc were per¬ 
mitted to form, very high intensities in the green portion of the 
spectrum were introduced, probably due to the cause mentioned 
above. From the green appearance of the light given at times 
by this electric headlight, which was used in the road tests, 
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it is quite probable that this condition sometimes obtains in 
practice and it is believed that the possibility of obtaining green 
phantom signals is increased by this fact. . 

Test No. 19. A spectropkotom£tric Analysis of the Light Reflected 
from Roundels. 

In this test the same spectrophotometer was used and the 
method of procedure was the same as in test No. 18, with the 
exception that the light analyzed was first reflected from signal 
roundels. Headlight No. 4, which was used in the road tests, 
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furnished the light for this analysis. Tables XIII to XVI in¬ 
clusive show the results obtained in this test which are plotted 
in Fig. 15. The point of particular significance, in explanation 
of the phantom signals found in the road tests, is the fact that the 


TABLE V. SPECTRAL INTENSITIES OP HEADLIGHT NO. 2 FRONT WITH 

REFLECTOR 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

2(1 

O.OOOGGS 

39.2 

0.666 

0.425 

1.57 

■ 35 

0.000640 

41.1 

0.760 

0.585 

1.30 

34 

0.000812 

43.0 

0.870 

0.795 

1.09 


0.000586 

45.0 

1.000 

1.00 

1.00 

32 

0.0005(14 

47.0 

1.142 

1.32 

0.865 

31 

0.000548 

49.0 

1.320 

1.64 

0.805 

30 

0.000532 

50.8 

1.50 

2.03 

0.740 

29 

0.000516 

52.9 

1.745 

2.55 

0.685 

28 

0.000502 

54.5 

1.960 

3.11 

0.630 

27 

0.000490 

5G.7 

2.31 

3.85 

0.600 

2(1 

0.000480 

59.0 

2.76 

4.60 

0.600 

25 

0.000470 

G2.0 

3.54 

5.51 

0.641 

24 

0.000460 

66.0 

5.05 

— 

— 

2;i 

0.000450 

71.1 

8.50 




.E VI, SPECTR AL INTENSITIES OF HEADLIGHT NO. 2 TURNED SIDEWISE 

NO REFLECTOR 


Setting 

Wave length 
(nim.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

42.0 

0.810 

0.425 

1.91 

35 

0.000640 

42.6 

0.840 

0.585 

1.44 

CO 

0.000812 

43.5 

0,900 

0.795 

1.13 

O ") 

Uij 

0.000586 

44.2 

0.944 

1.00 

0.944 

32 

0.000564 

45,3 

1.020 

1.32 

0.773 

31 

0.000548 

46.5 

1.11 

1.64 

0.677 

30 

0.000532 

48.4 

1.26 

2.03 

0.620 

29 

0.000516 

50.5 

1,47 

2.55 

0.576 

28 

0.000502 

53.0 

1.75 

3.11 

0.563 

27 

0.000490 

50.0 

2.20 

3.85 

0.570 

26 

0.000480 

59.3 

2.83 

4.00 

0.615 " 

25 

0.000470 

62.0 

3.53 

5.51 

0.640 

24 

0.000460 

63.9 

4.15 

— 

— 

23 

0.000450 

64.6 

4.42 




intensities in the green portion of the spectrum of light reflected 
from green roundels are much greater than those reflected from 
red roundehs. It is further noted that the effect of placing an 
unlighted signal lamp back of the green roundel, as is usually 
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TABLE VII. SPECTRAL INTENSITIES OP HEADLIGHT NO. 3 


1 Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 
, squared 
daylight 

Ratio 
intensity 
to daylight 

JJ .... 

I 37 

0.000700 



0.329 

1.19 

1 36 

0.000668 



0.425 

1.27 

1 O- 

1 0.000640 


0.691 

0.585 

1.18 

1 34 

! 0.000812 

42.4 

0.830 

0.795 

1.04 

1 33 

0.000586 

44.8 

0.985 

1.00 

0.985 

1 OO 

1 

0.000564 

46.4 

1.10 

1.32 

0.834 

1 31 

0.000548 

48.0 

1.23 

1.64 

0.750 

30 

0.000532 

49.9 

1.40 

2.03 

0.690 

29 

0.000516 

51.5 

1.57 

2.55 

0.616 

2S 

0.000502 

53.2 

1.78 

3.11 

0.572 

27 

0.000490 

55.0 

2.03 

3.85 

0.527 

26 

0.000480 

56.9 

2.35 

4.60 

0,510 

25 

0.000470 

58.7 

2.70 

5.51 

0.490 

24 

0.000460 

60.3 

3.07 

— 

— 

I 23 

0.000450 

62.0 

3.53 


— 


TABLE VUI. SPECTRAL INTENSITIES OF HEADLIGHT NO. 3 TERMINALS 

REVERSED 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

39.9 

0.836 

0.425 

1.65 

35 

0.000640 

41.0 

0.869 

0.585 

1.28 

34 

0.000812 

42.5 

0.916 

0.795 

1.055 

33 

0.000586 

45.0 

1.00 

1.00 

1.00 

32 

0.000564 

48.3 

1.122 

1.32 

0.955 

31 

0.000548 

53.0 

1.327 

1.64 

1.06S 

30 

0.000532 

■57,0 

1.540 

2.03 

1.16 

29 

* 0.000516 

60.0 

1.732 

2.55 

1.175 

28 

0.000502 

62.5 

1.921 

3.11 

1.185 

27 

0.000490 

64.0 

2.050 

3.85 

1.09 

26 

0.000480 

65.0 

2.144 

4.60 

1.00 

25 

0.000470 

65.0 

2.144 

5.51 

0.835 

24 

0.000460 

64.5 

2.097 

— 

— 


TABLE IX. SPECTRAL INTENSITIES OF HEADLIGHT NO. 4 MEDIUM ARC 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

37.4 

0.765 

0.425 

1.375 

35 

0.000640 

40.0 

0.839 

0.585 

1.20 

34 

0.000812 

42.3 

0.910 

0.795 

1.042 

33 

0.000586 

44.8 

0.993 

1.00 

1.985 

32 

0.000564 

46.9 

1.069 

1.32 

0.864 

31 

0.000548 

49.0 

1.150 

1.64 

0.804 

30 

0.000532 

50.7 

1.222 

2.03 

- 0.734 

29 

0.000516 

52.4 

1.299 

2.55 

0.658 ■ 

28 

0.000502 

54.0 

1.376 

3.11 

0.608 

27 

0.000490 

55.4 

1.450 

3.85 

0.545 

26 

0.000480 

56.8 

1.528 

4.60 

0.504 

25 

0.000470 

57.8 

1.588 

5.51 

0.455 

24 

0.000460 

58.5 

1.632 

- 1 

- 1 
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the case in practice, apparently increases, to a very marked ex¬ 
tent, the intensity in the yellow-green portion of the spectrum 
of the reflected light. 


Test No. 20. A Laboratory Determination of the Reflection 
Coefficients of Roundels with and without Signal Lamps. 

After it was found in the previous test that the placing of a 
signal lamp back of a green roundel greatly increased the in¬ 
tensity of the reflected light in the yellow-green portion of the 
spectrum, it seemed worth while to determine the reflection 
coefficients of both green and red roundels with and without 
signal lamps placed directly behind them in the position which 


TABLE X. SPECTRAL INTENSITIES OP HEADLIGHT NO. 4. LONG ARC 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

37 

0.000700 

37.5 

0.588 

0.329 

1.79 

36 

0.000668 

38.3 

0.623 

0.425 

1.47 

35 

0.000640 

39.9 

0.700 

0.585 

1.20 

34 

0.000812 

42.0 

0.810 

0.795 

1.02 

33 

0.000586 

45.0 

1.00 

1.00 

1.00 

32 

0.000564 

49.0 

1.32 

1.32 

1.00 

31 

0.000548 

55.2 

2.06 

1.64 

1.26 

30 

0.000532 

62.3 

3.61 

2.03 

1.78 

29 

0.000516 

68.2 

6.25 

2.55 

2.46 

28 

0.000502 

70.0 

7.51 

3.11 

2.42 

27 

0.000490 

68.0 

6.10 

3.85 

1.58 

26 

0.000480 

61.4 

3.35 

4.60 

0.728 

25 

0.000470 

58.1 

2.57 

5.51 

0.465 

24 

0.000460 

58.2 

2.60 




they occupy in practice. These results are clearly shown in 
Table XVII from which it will be noted that the reflection 
coefficients of red roundels are slightly greater than those of 
green roundels but that in both cases, the coefficients are greater 
when the roundels are mounted in front of signal lamps. It seems 
probable that the increase in this coefficient is due to the presence 
of the lens of the signal lamp. 

In conclusion, it may be well to call attention to other tests 
not formally listed herein, which were made in connection with 
the laboratory tests to reproduce, if possible, the phantom signals 
noticed in the road tests. Headlight No. 4 was mounted upon 
the platform described in test No. 17, and red and green signal 
roundels with and without signal lamps were placed in a position 
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corresponding to that of tlie home signal. Altliougli tlie signal 
lamps located behind tlie roundels being tested were not lighted, 
yellowish green reflections were obtained from the roundels 
which were quite as brilliant as other signals placed near by for 


TABLE XI. SPECTRAL INTENSITIES OF HEADLIGHT NO. 4. SHORT ARC 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

sciuared 

I'angent 

squared 

dayliglit 

I^jitio 
intensity 
to daylight 

36 

0.000668 

41.1 

0.760 

0.425 

1.79 

35 

0.000640 

42.6 

0.841 

0.585 

1.44 

34 

0.000812 

43.9 

0.921 

0.795 

1.16 

33 

0.0005S6 

45.0 

1.000 

1.00 

1.00 

32 

0.000564 

46.1 

1.075 

1.32 

0.815 

31 

0.000548 

47.1 

1.155 

1.64 

0 .705 

30 

0.000532 

48.0 

1.230 

iCt, y . h j 

0.606 

29 

0.000516 

48.0 

1.305 

2.55 

0.512 

28 

0.000502 

49.2 

1.335 

3.11 

0.429 

27 

0,000490 

49.6 

1.380 

3.85 

0.358 

26 

0.000480 

49.8 

1.400 

4.60 

0.304 

25 

0.000470 

49.95 

1.42 

5.51 

0.258 

24 

0.000460 

50.0 

1.42 

—. 

— 

23 

0.000450 

50.0 

1.42 




TABLE XII. SPECTRAL INTENSITIES OF HEADLIGHT NO. r> 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squarerl 

daylight 

Rtitiu 
intensity 
to daylight 

37 

0.000700 

52.1 

1.641 

0.329 

4. 90 

36 

0.000668 

48.9 

1.31 

0.425 

3.08 

35 

0.000640 

46.9 

1.14 

0.,585 

1.95 

34 

0.000812 

45.8 

1.055 

0.795 

1.33 

33 

0.000586 

45.0 

1, OOt) 

1.00 

1.00 

32 

0.000564 

44.7 

0.980 

1.32 

0.742 

31 

0.000548 

44.3 

0.950 

1.64 

0. ,580 

30 

0.000532 

44.0 

0.930 

2.03 

0,459 

29 

0.000516 

43.8 

0.918 

2.55 

0.361 

28 

0.000502 

43.3 

0.8,58 

3,11 

0.276 

27 

0.000490 

42.8 

0.8,55 

3.,85 

0.222 

26 

0.000480 

42.0 

0.810 

4.60 

0.176 

25 

0.000470 

40.7 

0.7,39 

5.51 

0.134 

24 

0.000460 

38.6 

0.635 




comparison, and might have been easily mistaken for a green 
signal. 

It is believed the results of the laboratory tests will be of in¬ 
terest from the photometric standpoint and that some pe- 
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TABLE XIII. SPECTRAL INTENSITIES OF REFLECTED LIGHT FROM A GREEN 

ROUNDEL WITHOUT LAMP 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

34.3 

0.465 

0.425 

1.09 

35 

0.000640 

37.4 

0.585 

0.585 

1.00 

34 

0.000812 

41.1 

0.760 

0.795 

0.955 

33 

0.000586 

45.0 

1.000 

1.00 

1.00 

32 

0.000564 

49.6 

1.38 

1.32 

1.05 

31 

0.000548 

52.7 

1.72 

1.64 

1.05 

30 

0.000532 

56.2 

2.22 

2.03 

1.09 

29 

0.000516 

59.3 

2.83 

2.55 

1.11 

28 

0.000502 

61.0 

3.25 

3.11 

1,04 

27 

0.000490 

60.9 

3.21 

3.85 

0.835 

26 

0.000480 

59.4 

2.85 

4.60 

0.62 

25 

0.000470 

57.7 

2.50 

5.51 

4.54 

24 

0.000460 

— 

— 

— 

— 


TABLE XIV. SPECTRAL INTENSITIES OF REFLECTED LIGHT FROM A RED 

ROUNDEL WITHOUT LAMP 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

36.9 

0.562 

0.425 

1.32 

35 

0.000640 

39.4 

0.671 

0.585 

1.15 

34 

0.000812 

42.0 

0.810 

0.795 

1.02 

33 

0.000586 

45.0 

1.00 

1.00 

1.00 

32 

0.000564 

47.8 

1.21 

1.32 

0.916 

31 

0.000548 

50.5 

1.47 

1.64 

0.896 

30 

0.000532 

53.0 

1.75 

2.03 

0.862 

29 

0.000516 

55.0 

2.03 

2.55 

0.795 

28 

0.000502 

56.8 

2.33 

3.11 

0.750 

27 

0.000490 

56.3 

2.24 

3.85 

0.5S2 

26 

0.000480 

55.8 

2.16 

4.60 

0.470 

25 

0.000470 

54.5 

1.96 

5.51 

0.356 


TABLE XV. SPECTRAL INTENSITIES OP REFLECTED LIGHT PROM A GREEN 

ROUNDEL WITH LAMP 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

Tangent 

squared 

daylight 

Ratio 
intensity 
to daylight 

36 

0.000668 

36.0 

0.529 

0.425 

1.25 

35 

0.000640 

38.3 

0.622 

0.585 

1.06 

34 

0.000812 

40.8 

0.745 

0.795 

0.936 

33 

0.000586 

45.5 

1.03 

1.00 

1.03 

32 

0.000564 

53.3 

1.79 

1.32 

1.36 

31 

0.000548 

57.0 

2.36 

1.64 

1.44 

30 

0.000532 

58.0 

2.55 

2.03 

1.26 

29 

0.000516 

57.5 

2.46 

2.55 

0.965 

28 

0.000502 

56.8 

2.33 

3.11 

0.75 

27 

0.000490 

55.8 

2.16 

3.85 

0.561 

26 

0.000480 

54.1 

1.90 

4.60 

0.413 
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culiarities noted in the use of powerful headlights in railroad 
operation are explained thereby. 


Conclusions 

As a summary of the results, the following may be noted: 
First. That the magnitude of the illumination is a function 
not only of the total light flux emitted from tlie lamp, but also 
its distribution. 


TABLE XVI. SPECTRAL INTENSITIES OF REPLEC/fED LIOIIT PROM A RED 

ROUNDEL WITH LAMP 


Setting 

Wave length 
(mm.) 

Average 

reading 

Tangent 

squared 

d'angent 

.squared 

daylight 

Ratio 
iiiten.sity 
to daylight 

36 

0.0006GS 

35.1 

0.494 

0.425 

I.IG 

35 

0.000640 

38.9 

0.650 

0.585 

1.11 

34 

0.000812 

42.0 

0.810 

0. 795 

1.02 

33 

0.000586 

45.0 

1.000 

1. OO 

1.00 

32 

0.000564 

47.3 

1.170 

1. ;i2 

0.886 

31 

0.000548 

49.5 

1.370 

1.64 

0.835 

30 

0.000532 

51.3 

1.55 

2.03 

0.763 

29 

0.000516 

52.5 

1.69 

2.55 

0.663 

28 

0.000502 

53.0 

1.75 

3.11 

0.563 

27 

0.000490 

52.9 

1.74 

3.85 

0.451 

26 

0.000480 

52.5 

1.70 

4.60 

3.70 


TABLE XVII, 


REFLECTION COEFFICIENTS OF ROUNDELS 


Angle 

deg. 

Green 

Green with 
lens 

Red 


0.0418 

0.0478 

0.05 

15 

0.0375 

0,0437 

0.048 

22i 

0.0352 

0.0468 

0.0486 

30 

0.0413 

0.0459 

0.0467 


Red with 


0.0512 
0,0514 
0.0505 
0.0453 


Second. That that reflector in which the largest proportion 

of total light flux falls in the vertex will have the highest multi¬ 
plying factor. 

Third. That the lens type of projector has a higher multiply¬ 
ing factor than the reflector type, other things being equal. 

Fourth. That the spectral intensities of the luminous arc 
headlights are not noticeably different from those of the carbon 
arc, although the former are slightly lower in the red portion 
of the spectrum than the latter. 
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Fifth. That headlight No. 4 having a lower electrode of cop¬ 
per may so operate in practice as to produce relatively hig 
intensities in the yellow-green portion of the spectrum. This 
is also true of headlight No. 3 with terminak reversed. _ _ 

Sixth. That oil headlight No. 5 gives intensities higher in 
"the red and lower in the green than all other headlights tested. 

Seventh. That the reflected light from green roundels has a 
higher intensity in the green than that from red roundels and 
■that this intensity is greatly augmented when a signal lamp is 

placed behind the roundel as in practice. 

In closing this paper it is desired to acknowledge the very 
great assistance furnished the authors by their associates in the 

■University. 
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Discussion on “ Headi.ight Tests.” Jeeeerson, N, 

June 28, 1910. 


C. A. B. Halvorson, Jr.: There are a few points to wliich I 
would call attention. 

So far as I am able to judge, the benefit to lie derived from 
the use of a powerful headlight is the feeling of security and 
confidence given to the engineer. With the track afiead in 
darkness or poorly illuminated, his nervc.s may be kcfit con¬ 
stantly “ on edge ” making him liable to lilunders. Or, on the 
other hand, he may become reckless and simply trust to luck. 
I base iny opinion on experience gained under actual operating 
conditions and from talks with engineers. 

No reference is made to tests on wet or foggy nights. On 
such nights the ground and the sleepers as well as all otlier un¬ 
painted wooden objects along side the track a]ii)car lilack from 
absorption of water. Or, in case of a heavy fog bank tliis will 
appear as a solid illuminated wall shutting out the view of any¬ 
thing ahead. 

There is another point in the conclusions to which I wish to 
refer. It is stated that “ A powerful ojiposing headlight ad¬ 
jacent to block signals so obscures the latter as to make it 
difficult to read them correctly at distances exceeding 1,()()() ft.” 
It seems to me that this would be easily overcome by drawing 
up a set of rules governing the use of headlights. This has licxai 
done on some roads. When two approaching trains come within 
view of one another, the luminous arc of both headliglits are 
extinguished and the less powerful incandescent lamps lighted. 
This practice obviates the difficulties mentioned. 

Instead of advocating less powerful headlights, I would recom¬ 
mend increasing the efficiency by raising the current to 7 amperes. 
The ordinary luminous headlight as operated to-day is run at 
4 amperes, consuming about 500 watts at the terminals. Im¬ 
provement in the accuracy of the mirrors is also needed. 

It was my pleasure to make a test on the D. & H. line Ix;- 
tween_ Albany and Whitehall, using a locomotive headlight 
operating with a 7-ampere magnetite arc, and we could easily 
discern persons walking on the track at a distance of 1700 ft. 
A combination of mirrors was used in this headlight, consisting 
of a large parabolic metallic mirror and a 9-in. Mangin mirror. 
The results obtained with this headlight were very fine, indeed. 

With reference to reversing the polarity of the arc in order 
to dim the light, I would suggest that an ordinary incandescent 
lamp would probably give much better results than a reversed 
arc. Such a lamp placed out of focus of the mirror as an auxiliary 

to the luminous arc seems to me the best solution of the glare 
trouble. 

Most of you are probably _ familiar with the luminous arc. 
It IS a very long arc and the light is given from a core which is 
intensely bright. When a Mangin mirror is used, the light 
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projected is practically an image of the arc. The beam, there¬ 
fore, will be of small width, the principal extension being in a 
vertical plane. By using small diameter electrodes it should 
be possible to confine the light to the space between the rails, 
and this has actually been accomplished. In this way all 
trouble on account of reflection from roundels, etc., can be 
eliminated. 

The third conclusion states that “ The lens type of projector 
has a higher multiplying factor than the reflector type, other 
things being equal This may be true when the comparison 
is made with ordinary metallic mirrors. Comparing the lens 
form with the Mangin mirror form of headlight I doubt that the 
statement holds good. I would like to know whether Professor 
Harding has made any tests along these lines. 

John B. Taylor: Some data as to the make-up of the ob¬ 
serving committee seems desirable; first, whether the same 
eleven men were interested in all the tests, and, second, whether 
they were trained railroad men, and if not, what was their par¬ 
ticular occupation in life. I imderstand tests will show about 
one man out of every two dozen to be color blind, so that we 
should know whether all these men went through a color blind 
examination, before they were given a position of this committee. 
I would ask also whether the lower values of distances given for 
recognizing the signals and obstructions were usually determined 
by one or two exceptional men, or whether they are fair low 
average values? 

George H. Stickney : The brief inspection which I have made 
of the paper seems to indicate that,^ under existing conditions 
of signals, etc., the use of high power headlights was not found 
beneficial, inasmuch as they interferred mth the reading of 
signals. 

The purpose of the headlight is two-fold, namely to assist 
the engineer in seeing ahead, and to warn people of the approach 
of the train. With low-power headlights the former function 
is practically lost; and in foggy weather the range of warning 
is quite limited. For these purposes therefore there is un¬ 
questionably a demand for powerful headlights. 

The objection to their use apparently relates entirely to the 
reading of signals. In regard to this point there seem to be a 
number of possibilities of eliminating or reducing such inter¬ 
ference. For example, the headlight beam may be directed very 
slightly downward so as to fall below the eyes of the engineer of an 
approaching locomotive. At the same time the signals could be 
placed above the range of the beam. Very accurate control of 
a light beam is obtained, for instance, in a stereopticon pro¬ 
jector, so that it would seem possible to produce this effect 
without limiting the range of illumination along the track. 

•Harry Barker: The opening paragraph of the paper states 
that the Indiana Railroad Commission was instructed to in¬ 
vestigate the rules regarding the compulsory use of more power- 
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ftxl headlights on steam locomotives operating in the State of 
Indiana. I would ask if Professor Harding could inform us as 
to the ruling of the Commission? I understand, that in spite of 
Professor Benjamin’s report, mentioned later in Professor 
Harding’s paper, and in spite of the somewhat adverse findings 
of the special sub-commission, or of the individuals of the 
Railroad Commission, the Commission has, nevertheless, ordered 
that high-power lamps be used. If that is so, it might be in¬ 
teresting to know some of the qualifications of these instructions. 

C. P. Steinmetz: This paper is very interesting, though 
some of the results at first appear unexpected; i,e.j the result 
that the more powerful headlight is inferior, in certain respects, 
by making the signals less distinguishable. If we apply that 
reasoning still further, it would follow that the best way would 
be to have no headlight at all, because then you would see the 
signals best. 


Now, on the other hand, if we have a headlight, and need a 
headlight, it appears reasonable to expect that the more powerful 
the headlight is, the further distance we can see obstructions or 
other defects of the roadbed, and the further distance one can 
be seen; therefore, the most powerful headlight would be the 
most satisfactory one, except as regards the signals. It would 
be interesting to investigate whether this objection regarding 
signals could not be overcome by applying the same remedy. 
If we need a high-power headlight, why not also use higher 
powered signal lights to make the two again comparable with 
each other, and at the same time apply this remedy which has 
been suggested here, that is, to control the beam of the headlight 
so as not to throw it directly on the signals. 

We all know if we send a powerful beam of a searchlight 
against a small and low intensity light, we do not see the latter 
light very well, and we do not need any test to tell us this. 
Besides, it appears to me that the case of looking at signal lights 
against an opposing^headlight is rather an exceptional case. If 
there is another train coming, with a powerful light, either we 
must be sure of our signals, or must slow down. I do not think 
it IS generally the case that two locomotives, when not certain 
of their signals, will approach each other at full speed. We 
may turn the headlight away, or turn it out, or do anything 
r may slow down, and if we slow down even for a distance 
of a few hundred yards, that distance will be sufficient to enable 
us to avoid any obstruction. 

. ^ question requires further consideration and 

investigation before we can accept the theory that the headlight 
ot a tram can be too powerful. 

Charles F. Scott One use of the headlight referred to a few 
moments ago is to give a warning of approaching trains to people 
not connected with the railroad. In some cases, the headlight 
can be seen long before the approach of the car can be heard. 

As electric trains come into use, and do not have smoke to 
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indicate their presence at a long distance, the headlight at night 
gives a very fair indication of the position of distant trains, 
which would be of very great use on single track roads. 

With regard to seeing of signals, the suggestion is made that 
a different form of signal, a position signal, might be advantage¬ 
ous instead of a colored signal. A position signal might be seen 
very clearly, irrespective of the color of the signal. 

With regard to operation at full speed, and in connection 
with a point made by the last speaker, namely, the suggestion 
that if there is an approaching train with a powerful headlight, 
it is well to slow down, it may be remarked that there ar^ cases, 
such as on double track roads, or four track roads, with block 
signals i^laced at frequent intervals, in which trains do run in 
opposite directions at high speeds, with signals at frequent in¬ 
tervals where the approaching headlights may dazzle the eyes 
of the engineer. 

All these little points show the intricacy of the problem, and 
I think the paper, as a whole, brings out in a very emphatic 
way the need for the kind of investigation and scientific analysis 
which has been given to a problem of this kind. I presume that 
practically all of us, would have said off hand that the arc light 
would be an excellent headlight and its general adoption de¬ 
sirable. But these various indirect points, the dazzling of the 
eye of the approaching engineer, the obscuring of signals, the 
changing of the colors of signals by reflected light, all of which 
indicate the importance of a thorough scientific investigation of 
the subject, show the high value of papers such as the one 
we have just had. 

George A. Hoadley: There is just one point not touched on, 
and that is this; the very great difficulty there is of forming any 
judgment, within satisfactory bounds of accuracy, as to the 
distance of a powerful headlight. To a person on the track, it 
is impossible to tell if the headlight is three hundred yards away, 
or one hundred feet, so it seems to me the headlight which gives 
a perfectly parallel beam of light, that does not strike the track, 
is an objectionable form of headlight. If the light strikes the 
track, the observer has an opportunity to determine the distance 
of the headlight from the point at which he is standing. 

Harry P, Wood: I would ask Professor Harding if he made 
any test to determine the proper height of a headlight above 
the track? In the electric road the headlight is close to the 
track, and I understand, as regards engineers in the cab of a 
locomotive, there is a difference of opinion as to whether the 
headlight should be at the center of the smoke-box or above the 
smoke-box. I think the lower headlight will be better than the 
headlight which is placed higher up, as in the lower position the 
beam of light will not be entirely in the direction of the engi¬ 
neer's vision. 

J. C- Lincoln: I should like to know if Professor Harding 
made any test to determine whether the green reflection, which 
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seemed to throw some doubt on the signals, could be gotten 
rid of by the suggestion just made, of throwing the light on the 
truck, so that no direct light from the headlight would strike 
the signal whatever? 

C. Francis Harding: This subject of compulsory use of 
more powerful headlights on railroads, especially on steam rail¬ 
roads, is a comparatively live one in the middle west at the 
present time. Because of the fact that it has been given especial 
attention in that section of the country, and for the i-eason that 
it has been thought that engineers in general and especially 
those connected with steam railroad work, would be interested 
in this discussion, it is presented in this form to-day. 

Referring to the question of the feeling of the engineer on the 
engine, I would say that all of the signal engineers with whom I 
have talked, and also many of the older steam locomotive engi¬ 
neers, have expressed themselves emphatically in favor of the 
old type of headlight, so far as security is concerned, and. in 
fact some of the older engineers who made up the Committee of 
the Brotherhood of Locomotive Engineers, who first proposed 
this bill to the Indiana Legislature, told me that they could run 
equally well without any headlight at all, that they did not 
depend upon the aid of a headlight for determining their loca¬ 
tion or determining the schedule time in passing various objects 
—that they had markers of their own along the track, such as 
houses^, gate openings, bridges, etc., and that they could easily 
get this^ information without any headlight, in a manner that 
was entirely satisfactory to them. 

^Regarding the question of fogs, I will say that some of the 
night tests at the University were carried out during foggy 
nights, and when we have a bank of fog in front of the headligkt, 
looking parallel with the track, we have in front of us practically 
an opaque screen,^ brilliantly lighted, but very near the head¬ 
light, through which it is almost impossible to sec, and that 
opaque screen seems to be more of a barrier, the greater the 
intensity of the light. 

With regard to the matter of extinguishing or reducing the 
intensity of the lights in approaching other locomotives, I will 
say that, of course, that practice is used with interurban cars 
to a large extent, and it is probably a practical suggestion in 
the case of a good many steam roads, but an objection to that 
has been brought up by one of the signal engineers of a road 
emenng Chicago. He says that an engineer on a train entering 
Chicago at the schedule speed has to read a signal every fifty- 

would be impossible to diminish the intensity 
01 the light, momentarily, while reading signals—it would, there- 
tom be necessary to reduce the light during the entire run. 

Re^rding the picking up of objects other than those con- 
sidered in this test—the various observers on the road te^st in 
going irom Indianapolis out to the scene of the test, were able 
y counting the poles to pick up overhead bridges, fences, etc., 
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at a maximum distance of a quarter of a mile. All of these 
objects were white, or nearly so, and it was remarkable to note 
the difference in distance in picking up objects which were light 
and those w^hich were dark. It happened that all the objects 
used in the test were dark, or nearly black, and it was surprising 
to all observers to note the results shown in the tests, that 
we could run down within a very few hundred feet of a black 
object and not detect it even with a powerful headlight. 

I will say that the Mangin mirror type of reflector forheadlights 
was not tested, and the statement in the conclusion of the paper 
simply applies to the particular lights tested, one with a lens 
and the other with a reflector, the other features of the light 
being identical. 

Regarding the make-up of the observing committee, I will 
say that the Railroad Commission was represented by three men, 
the railroads of the State by three men, the University by three 
men, and two other parties selected at random. The men were 
not tested for color blindness, but the comparisons of the results 
of the different individual papers recorded independently would 
seem to show that no such condition existed in the eleven 
observers selected—that none of the members of the observing 
committee were color blind. I think an inspection of the original 
data would convince one of that fact. The readings at lower 
values, i.e,, shorter distances, seem to be pretty general, that is, 
not always noted by the same indmduals with an opposing 
electric headlight while with an opposing oil headlight there is 
considerable similarity in observations of a single individual 
with respect to distance. 

With regard to the matter of focussing below signals, or 
opposing engineers, it would seem to the speaker that this must 
limit the distance at which the headlight can be of use, unless 
the headlight is to be placed very low on the locomotive. If I 
understand the suggestion correctly, if we are to limit the height 
of the beam at a given point below the signal, or below the engi¬ 
neer’s eyes on the approaching locomotive, then we must limit 
the distance that that beam will be spread out longitudinally 
along the track or else we must lower the headlight to a point 
below its usual position. 

At this point I might take up the question of the placing of 
the headlight on the locomotive. These locomotive headlights 
were all tested in the position in which they are used by the Big 
Four Railroad, namely, just in front of the stack on top of the 
boiler. Some of the roads use the headlight in front of the 
boiler, and on a level with the center of same. The interurban 
headlights tested were used in the position in which they are 
located on the interurban cars, about four or five feet above the 

track 

The only objection that I have heard to the mounting of the 
headlight below the top of the boiler front, is that sometimes 
it is of advantage for the dispatcher in the stations along the 
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line to detect the number of the locomotive, and this miml)er is 
often placed in front of, or at the side of the headlight, d^hc 
zone, and therefore the time, in which the dis] 3 atcher is ])er- 
mitted to note the number on high speed trains, is obviously 
greatly limited if that headlight is placed in front of the boiler. 
This position also, of course, involves limiting the distance of the 
illumination in front of the locomotive, unless the headlight is 
tilted upward. 

With regard to the inquiry as to the ruling of the Commission, 
I will say that the Brotherhood of Locomotive Engineers first 
proposed the bill, including a minimum of 2,()()() candk‘-[)ower 
for headlights. Later these tests were made and a re|)ort was 
sent to the Commission. The conclusion of the re|)ort, in a 
nutshell was that the committee felt that a hap|)y medium could 
be reached in a headlight more powerful than the present head¬ 
light, and of proper spectral qualities, whicli \\a>idd enal)le 
objects to be detected at a greater distance than the ])resent 
headlight, but not sufficiently powerful to interfere with signals. 
The Commission interpreted this statement as an argument in 
favor of reducing the candle-power of the headlight and changed 
the ruling from 2000 to 1500 candle-power, although I think 
that no one knows what the 1500 means, as it does not state 
whether it is with or without the reflector. vSince tlie illumina¬ 
tion does not follow the inverse square law the ruling should 
apply to the illumination in candle feet at s])ecified distances in 
front of the headlight when equipped with a reflector. 

The ruling of the Commission is that all of the roads in Indiana, 
beginning with one third of their equipment in July, 1910, 
one third in January, 1911 and one third in July, 1911 shall 
equip their locomotives with headlights having a niiniTTium 
of 1500 candle-power. 

In regard to the advantages of a more powerful headlight in 
detecting obstructions on the track, I will say that it is, of 
course, obvious that the more powerful the headlight, the greater 
the distance at which the objects can be distingiiished 1:>ut it 
was the feeling of the Committee that the detecting of de¬ 
structions on the track was a minor coiivsideration when com¬ 
pared with the correct reading of vsignals. 

With regard to slowing down to read signals, or after detecting 
objects on the track, I might illustrate my point by referring 
to the statement of one of the locomotive engineers when called 
upon by an officer of the road for certain information. The officer 
asked the engineer what he would do, when running seventy miles 
an hour, with a powerful headlight, if he saw an object on the 
track a quarter of a mile ahead, which would cause an accident if 
struck by the train. The engineer said that he would not apply 
the brakes to stop for it. The officer asked him for his reason. 
The engineer said that if he were to stop for every obstacle that 
he saw on the track a quarter of a mile away, that he thought 
might be struck by the locomotive, he would not be able to 




1910] 


DISCUSSION AT JEFFERSON 


1089 


make the schedule—that he depended upon the object getting 
off the track, and not upon stopping the train in advance of the 
object. 

With regard to the use of signals other than lights, at night 
will say that the suggestion has been made that semaphores be 
used, and the lights on the headlight be dispersed rather than 
concentrated, so that the position of the semaphores would be 
seen at night sufficiently well to use them in place of the lights. 

^ The distance of the headlight from the observer and the 
distance of objects along the track in the rays of the headlight 
are also important questions, and I am glad that they were 
brought up. It is surprising how inaccurate the judgment of 
an experienced railroad man is in determining the distance of 
an approaching locomotive, or even of objects on the track, as 
seen in the rays of a powerful headlight. This was tried out 
unofficially, and guesses anywhere from one hundred to two 
thousand feet, and sometimes up to a mile, were made of 
distances of objects in front of the engine, as well as distances 
in front of approaching locomotives. 



A paper presented at the 27tk Annual Con¬ 
vention of the American Institute of Electrical 
Engineers, Jefferson, N. H., June 2S, 1910. 


Copyright 1910. By A.I.E.E. 


THE MODERN OIL SWITCH WITH SPECIAL REFERENCE 
TO SYSTEMS OP, MODERATE VOLTAGE AND 
LARGE AMPERE CAPACITY 


BY A. R. CHEYNEY 


The oil switch has become a fundamental part of all large 
generating systems, and so well has it fulfilled its function that 
not only has it superseded practically all other forms of switches 
for such service at all voltages, but manufacturers unhesitatingly 
claim that it can be constructed so as to safely open short circuits 
under the worst possible conditions in systems of unlimited 
kilowatt capacities, the only limiting condition, of course, being 
that the consumer be willing to pay for it. 

In spite of this assurance, repeated warnings that the present 
switches are becoming a source of possible danger in the rapidly 
growing central station systems of our large cities are being 
heard, although neither manufacturer nor operator has seemingly 
thus far placed any absolute safety limit on just how large a 
system the present switch is entirely capable of protecting. 

Switches may be divided into three classes, each class being 
further sub-divided into extra high voltage, moderate voltage 
and low voltage. The three main classes are based upon the 
maximum generating capacity that the switch may reasonably 
be called upon to interrupt. The classification, therefore, be¬ 
comes in fact switches for small systems, for systems of moderate 
capacity, and switches for use in systems of the largest size. 
So long as the operating man does not object, the rating of this 
latter type of switch will continue to be for systems of “ un¬ 
limited capacity,” as any experimental evidence to the contrary 
is at the expense of the operating system itself. 

It is further manifest that oil switches may be built to safely 
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and continuously carry any current that may be required. Tlie 
use of the switch as a circuit-breaker is the limiting factor in the 
case. Every switch thus used must not only be able to safely 
carry or interrupt the load of its particular section, but it must 
also be capable of safely and repeatedly interrupting short- 
circuits under severe conditions, with the whole capacity of the 
generating, transmission, and receiving systems behind it. 

The switch with which this paper is mostly concerned is tlie 
type almost universally used in the large generating systems of 
our cities, where the voltage usually runs from 13,000 to 6,000 
volts per phase, and is manufactured in various sizes, the 2,500- 
volt switch with a capacity up to about 3,000 amperes, the 15,000- 
volt switch up to 2,000 amperes, and the 35,000-volt svvitcli 
up to 300 amperes rated capacity. Under these conditions 
the temperature rise in the oil cylinders or tanks is generally 
kept as low as possible, 28 deg. cent, being sometimes specified. 

The switch of both large and small ampere capacity for extra 
high potential systems seems to have rapidly made a phice for 
itself in the high-tension transmission systems of tlie country, 
and to have been extremely satisfactory in most instances. One 
60,000-volt switch, it is claimed, opened t\¥enty-five consecutive 
short-circuits, with a generating capacity of 1(),()()0 kilowatts, 
within a space of one-half hour, and although tlie oil was car¬ 
bonized to a considerable extent, the switch opened tlie arc 
entirely satisfactorily on the last break. In another instance two 
60,000-volt breakers which had been in service for three years 
have opened several hundred short-circuits, many of them severe, 
without a change of oil. The generous dimensions of these 
switches are sufficient to show that the design is amply safe 
with regard to distances between conductors, the manufacturers 
claiming that they figure on an oil which has dropped in insula¬ 
tion until it may be broken down from 6,000 to 10,000 volts on 
a 0.2-in. gap between needle points. It is impossible in practice, 
with systems of this nature, to maintain the oil at an exceedingly 
high insulating value without a great deal of labor and incon¬ 
venience, particularly on account of the moisture that is ab¬ 
sorbed from, the atmosphere. In these switches for high voltage 
systems, which are now on the market in capacities up to 400 am¬ 
peres at 110,000 volts, experience seems to show that a large 
volume of oil greatly increases the factor of safety. Some manu¬ 
facturers also clam that in switches of this class a horizontal 
is superior to a vertical break as the pressure due to the head of 
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the oil above the contacts is more effective in preventing the arc 
from reaching any large dimensions. Switches with a horizontal 
break are usually made with a thin knife blade in order that it 
may cut through the oil with the least disturbance. Jndging 
from the written expressions of the users of these high-tension 
switches, it is evident that for the conditions under which these 
switches operate they are giving very satisfactory service. 

Until the introduction of the steam turbine with its high 
rotative speeds and correspondingly low self-induction, the pres¬ 
ent plunger type of switch seemed to fulfill every expectation in 
moderate voltage systems of large generating capacity. Ihe 
enormous growth of connected load and, at the same time, the 
adoption of the turbine as a prime mover, have brought about 
conditions unforeseen; and not only has the ability of modern 
switch construction to safely care for the new conditions been 
questioned, but experimental evidence would lead to the con¬ 
clusion that either a new form of switch is urgently needed or 
else a marked change in switchboard construction and station 
operation. 

The high-power switch for (gOOO- to 13,()()()-volt service lias at 
all times required careful supervision, constant attention to 
smaller details of its operating mechanism, and periodic tests, 
in order to ascertain that it was always ready for service, lliis, 
of course, is not unreasonable. Heavy short-circuits, liowever, 
have frequently demonstrated the fact at the present time in our 
large stations no circuit-breaker which lias once opened under 
heavy short-circuit conditions is entirely safe to lie jnit back on 
the line again without a tliorough overhauling of contacts, clean¬ 
ing up of the switch and its compartment.s, on acc'ount of the 
large amount of oil which has been blown out, by the ex|)losive 
pressure of the arc, and also the refilling of the switeli cylinders. 
It is frequently necessary to insert an (uitirely ih*w set of contacts 
and to file down the rod tips. This wliole o|>eration involves a 
period of at least two hours, and if spa.re fcaslcrs not aviiil- 
able may lead to considerable annoyance, while, in any case, it. 
may involve a temporary disablement of a large and ini|)ortant 
investment in apparatus. 

Changes, such as the substitution of steel for brass pots, tlie 
addition in some instances of insulating dasliers to assist in 
keeping the oil within the pot and also to facilitate the breaking 
of an arc, and improved operating mechanism and contacts, 
cover practically all the main points that have been imprcjved 



1094 


CHEYNEY: OIL SWITCH 


[June 28 


upon, since the introduction of the 8-in. cylinder eight or ten 
years ago, notwithstanding the enormous increase in maximum 
short-circuit output of the turbo-generator over that of the engine- 
driven alternator of equal capacity and the fact that the size of 
units has increased from 5,000 kw. to 20,000 kw. The substitution 
of boiler-iron tanks for wooden tanks and the gravity opening, 
with a means of obtaining a certain forced oil flow across the 
contacts on opening the switch, are a few of the changes in 
another type. 

The Committee on High Potential Disturbances of the Associa¬ 
tion of Edison Illuminating Companies, 1909, notes that several 
of the larger companies are making use of reactances in connec¬ 
tion with their turbines. These are installed either in the neutral 
leads of the turbo-generator or in the phase leads themselves. 
The reactances also facilitate parallel operation. A committee 
of the same body during the previous year suggested a limit of 
40,000 kilowatts of installed machinery as a maximum generating 
installation that could be safely protected by a modern switch. 
As, in several instances, the switch has caused considerable dam¬ 
age, frank discussion in the line of improvement of the switch 
design is asked for. 

As a matter of record, with 15,000 kw. of turbines in service, 
the latest type of oil switch has been quite recently practically 
emptied of its oil, the remaining oil being reduced to a state of 
absolute blackness and the contacts and rods so badly burned 
that they were unfit for further use without renewing, makes it 
evident that some change is needed in our present switchboard 
or switch design. 

Modern operation generally calls for the use of a single oper¬ 
ating bus-bar for reasons of both reliability and economy. 
Choke coils to' limit the generating capacity in one section of 
the bus to a value of perhaps 20,000 kw., or a capacity slightly 
above that quoted when the switch was disabled, would seem 
hardly practical. As the load continues to grow with enormous 
strides, it would certainly seem that a more powerful type of 
switch should be found. As far as ascertained, resonance rises 
of potential due to the opening of an arc in an oil switch are of 
comparatively rare occurrence. It is natural to suppose that, 
whatever changes are made, the arc will still be broken under 
oil. 

A few remarks of a general nature on switchboard construction 
and arrangement may not be out of place. A feeder switch, or 
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circuit-breaker includes properly the knife switches separating 
the switch from the underground cable system, the series trans¬ 
formers, relays, control wiring and the switch itself with its 
fireproof compartment. It would not, therefore, seem illogical 
to adopt a type of construction in which all of these parts are 
relatively close together, instead of being scattered perhaps hun¬ 
dreds of feet apart as is frequently the case. For instance, the 
series transformer; the relays, the current through the coils of 
which, incidentally, should also pass through the circuit ammeters 
of the operating board, and the actuating mechanism of the 
switch belong together. The cable knife switch should be so 
placed as to be visible when working on the circuit breaking 
switch itself—in other words, in the base of the switch com¬ 
partment. The bus bar knife switch should also be visible to 
any one w^orking on the selector switches to obviate any chance 
of mistake in switching, and, furthermore, to protect the operator. 
This means, then, the bus bar and selector switch compartments 
must be one, so constructed that every switch section is inde¬ 
pendent and that the complete demolishing of one switch will not 
in any way affect either the neighboring switches or the bus bars 
themselves. This arrangement, mentioned above, wdll not only 
greatly reduce the space required for present switchboards, but 
will assist materially in proper maintenance and repair. 

It is possible that it may become good practice where the 
plant equipment includes two switches in series for each feeder— 
one automatic and the other non-automatic—^to allow the time 
element relay to open both switches in order to assist in breaking 
the arc, although this should not be necessary with a reliable 
switch. In connection with the use of choke coils the suggestion 
has been made that these coils be short-circuited by a heavy 
switch which would be opened by a relay when required. It is 
doubtful if any switch yet constructed would be quick enough 
to give the effect desired and on this account, and also on account 
of simplicity, choke coils, if installed at all, should be so de¬ 
signed as to care for operating conditions without the inter¬ 
vention of an iron core or moving mechanism. 

As an illustration of the exceedingly heavy duty required 
even of a 300-ampere switch on a single feeder cable in the case 
of a 50.000-kw. steam turbine station of 6,000 volts, the i^isto- 
taneous short-circuit current would amount to oO.OOO/v 3 H 
X 50 = 240,600 amperes per phase, or a kilowatt output, assum¬ 
ing a powerlfactor for the short circuit of 40 percent, of 50,000 
X 50X0.40 = 1,000,000 kw. 
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A 100,000-kw. plant under similar conditions would give an 
output of 2,000,000 kw. It is expecting a great deal of a 300" 
ampere switch to suppose that it could be safely figured on to 
care for such an enormous amount of energy. Yet the tacts 
remain as stated. There are several modifying conditions, 
however, which enter into the problem. In the first place, short- 
circuits as a rule are not absolute short-circuits, and in this way 
the number of amperes actually interrupted is probably far less 
than that calculated. It must also be borne in mind that even 


if a circuit-breaker on a feeder were provided witla an instantane¬ 
ous relay, the time element of the switch itvself is considerable, 
so that by the time the arc had been opened, the armature reac¬ 
tion of the machines would have, to a certain extent, become effec¬ 
tive, thereby dropping the voltage and still further lowering 
the amperes at the break. If the safety of the switch alone is 
considered, it would doubtless be expedient to install inverse 
time element relays in connection with the feeders wliicli would 
give an exceedingly long time interval in connection witli tlie 
100 per cent or more overload setting of the breaker, in order 
that they might give perhaps a three or four second interval 
between the occurrence of the short circuit and tlie oj)ening of 
the switch. While specific information witli regard to tlie 
length of time which is required for the armature reaction of 
alternators to become effective is lacking, there is no doid)t tliat 
a mean might be drawn between conditions most favorable to 
the switch and those upon which depend the stability of oiiera- 
tion of the main and substation synchronous machinery. Were 
it not for the possible rise in potential due to tlie breaking of the 
arc when the current is perhaps at a maximum instead of at 
zero point of the wave—which is another fact upon whicli 
further light is much needed and upon whicli tlie oscillograj)!! 
without doubt will prove of great assistance in effecting a solu¬ 
tion—the operating man would much prefer to liave a sliort 
circuited cable cut off instantly before the troulile lias had time 
to reach its heaviest proportions or has become severe enenigh 
to interfere with the frequency or voltage of the system. 

The problem of the oil switch demands the more nearly exact 
solution of these questions. The protection wliich miglit 
possibly be afforded against the effect of static surges liy the 
aluminum cell aiTester might well be considered in this eoimec- 
tion. With this protection, it would seem that the advantage 
lies practically altogether in favor of opening the switch itself 
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as quickly as possible, by which it is understood that the greatest 
reasonable amount of time should be given by means of the relay 
to the switch before the latter starts to open the arc without, on 
the other hand, taking chances of throwing off the synchronous 
rnlchinery. UMer the best of conditions, however, we can but 
see that the switch is a relatively weak link in a system involving 

millions of invested capital. _ 

The breaking of a circuit consists of inserting more or^ less 

gradually into the circuit a resistance which grows at a variable 
rate from zero to a maximum. At the moment the switch is 
leaving the contact, the greater the (y* R loss in heating, and es¬ 
pecially if the circuit be inductive, the greater the amount of 
arcing. The rapid falling off in amperes as the resistance is 
increased by distance, when a considerable amount of metal 
is vaporized, and by this means the breaking of the arc is con¬ 
siderably hindered, is probably not at first accompanied by any 
great drop in the heating effect on the oil and the contacts, 
the R loss for a certain length of time being perhaps 
practically constant. This, in part, is probably the cause of 
the explosive pressure set up in the cylinder by the oil vapor 
assisted by the actual displacement of oil by the arc itself. Tlie 
prolonged arcing is evidently also the cause of the large amount 
of carbonization which takes place on opening a heavy short- 
circuit under oil with the modern switch. 

Although there has not been a great deal written upon tlie 
exact nature of what takes place when a heavy arc is thus broken, 
experimental evidence has shown us that the quality of the 
switch oil will without doubt play a very important part in 
the switch of the future. The electrostatic stress set up between 
two charged conductors in a light mineral oil such as ^is used in 
switches and transformers, will, under proper conditions, even 
though no appreciable current is allowed to flow, release con¬ 
siderable quantities of gas without appreciable change in the 
oil itself, and as this gas is naturally rich in hydiogen, may 
it not be that the explosive violence of some of our short circuits 
is due to the combination of this gas and the gas diiven off by 
the heat of the arc with oxygen, possibly of the air? Hie cai- 
bonization which takes place when a heavy short-circuit is 
broken is soTnetimes sufficient to make a deposit on settling of 
■| of an inch in a 4-inch column of oil, or a total volumetric pro¬ 
portion of 10 per cent between the amorphous carbon and the 
clear oil above. The actual sample measured was taken from 
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an oil switch cylinder from which two-thirds of the oil was blown 
out by the violence of the explosion. The physical analysis of 
the fresh oil (No. 6 transil oil) was as follows: 


Flash.353 deg. fahr. 

Bum.402 “ » “ 

Gravity at 60 deg. fahr. 31.4B. 


As regard acidity, the oil was very nearly neutral, 0.09 per cent 
of potassium hydrate being required to neutralize same. There 
was no organic matter present. Various tests were made to ascer¬ 
tain the specific resistance and the dielectric strength of the 
above oil imder the following conditions; first, the new oil; 
second, the blackened oil as taken from the switch; third, the 
clear oil after filtering off the carbonization. Careful tests were 
made under different conditions such as the sparking distance 
betwreen needle points, between flat disks, between two |-in. balls, 
between a needle point and a disk, between a needle point and 
ball, etc. In some of the tests it seemed that the filtered oil 
after heavy carbonization showed an increase in specific resist¬ 
ance over the new oil. The dielectric strength also seemed ma¬ 
terially increased after carbonization and filtering. The car¬ 
bonized oil as taken from the switch showed a specific resistance 
of only one-fourth that of the new oil or of only one-eighth the 
resistance per cu. cm. of the oil after removing the carbonized 
particles by filtration, although another series of tests of other 
samples of the same oils failed to confirm the above figures; 
still there was a marked difference between the samples, al¬ 
though any increase in specific resistance or in dielectric strength 
failed to materialize except in one instance. The following 
figures, however, which are abstracted from the second series 
of tests represent the sparking distance between two |-in. balls 
at approximately 22.5 deg. cent, under a depth of oil of 2^ in. 


Sample 

Gap 

Volts 

No. 1 — Blackened oil (filtered). 

... .0.15" 

12,000 


0.20" 

29,000 

No. 2 — New oil... 

0.15" 

12,000 


0.20" 

29,500 

The following figures, representing the break-down point in 

inches at 30,000 volts pressure, as measured by an electrostatic 

voltmeter, checked by needle points, 

are also given: 
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Sample 


Needle 

points 


Needle J-in.Ball 


Between 
i-in. balls 


in. in. in. in. 


No. 1—Blackened oil. 

0.635 

0.610 

0.320 

0.220 

Blackened oil fil- 





tered. 

0.530 

0.750 

0.250 

0.190 

No. 2—Blackened oil. 

0.420 

0.675 

0.615 

0.310 


Blackened oil fil¬ 


tered. 0.300 0.600 0.290 0.1S5 

No. 3—New oil. 0.575 0.755 0.502 0.665 


Temperatures in the above table all 26.5 degrees C. 

All distances were measured by michrometer, the voltage 
adjustment being secured by finely adjusted resistances in the 
primary of a 40,000-volt testing transformer. As this may hate 
introduced possible error due to change in wave form the figures 
are given as being perhaps at best, only approximately correct.* 

Whether or not the changes in an oil produced by carboniza¬ 
tion under heavy arcing improves or reduces the values of the 
remaining filtered oil for use in oil switches, it seems puite urgent 
that oil for switch purposes be chosen with great care, and manu¬ 
facturers should make public satisfactory specifications to cover 
such oils and the testing of the same. It is by no means certain, 
as is frequently claimed, that a good transformer oil will make a 
good switch oil. Carbonization under heavy arcing is undeniably 
unavoidable. The study, however, of the physical and chemical 
nature of the actual conditions existing while the arc is being 
drawn through the oil with regard to the oil itself may lead to 
valuable conclusions that will somewhat strengthen the present 


oil switch situation. 

It may be necessary to reduce the carbon content of the oil 
or possibly the hydrogen and more volatile components, even 
perhaps at the expense of changing the viscosity. Careful 
specifications will be welcomed by operating companies. 

The severity of the arcing is naturally dependent upon the 
pressure of the oil surrou nding the arc, the temperature of the 

* Other interesting figures in connection with the same kind of in¬ 
vestigation are given in a paper read before the Manchester Local ^^ction 
of thl Institution of Electrical Engineers, by W. Pollard Digby, and D B. 

Mellis of which an abstract appears in the London Electrician, Apnl , 

1910.’ Important papers on this subject by Messrs. Skinner, Kintner, 
Steinmetz and others have appeared in the technical press. 
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oil and contacts, the velocity of switch opening, and, of course, 
by the ampere density at the point of break. The amount of 
vaporization of the contacts should be reduced to a minimum by 
properly proportioning the switch parts, by artificial circulation 
of the oil across the contacts as they are separated, and by in- 
creasing the velocity at the break to as high a degree as is possi¬ 
ble. Severe arcing, even under oil, may without doubt be suffi¬ 
cient to set up heavy oscillations in a large underground system 
and, although much has been written upon the advisability of 
retarding the switch in its action, it frequently seems very ad¬ 
visable to have an absolute short-circuit broken as quickly as the 
switch will open it, the limiting factor being the reliability of 
the switch itself. 

The oscillograph in the near future will also doubtless add to 
our knowledge of the conditions existing in a severe arc closely 
confined, as in the case of an oil-switch cylinder under pressure. 
As stated above there seems to be considerable difiference in 
opinion among engineers with regard to whether the opening of 
a switch should be in a horizontal or vertical direction. While 
many of the high-tension switches in the West use a horizontal 
break, depending upon a large volume of oil and a narrow knife 
blade for contacts, practically all of the high-power switches of 
moderate voltage have a vertical throw, in some cases opening 
by gravity, which has the advantage that the switch can never 
accidentally fall into contact; while in other types the switch 
opens upwards. 

There has been developed, although apparently it has never 
yet been introduced as a commercial article, an oil-switch in 
which the oil is at all times under pressure which is maintained 
by a compressed air system—a pressure line of perhaps 150 
or 200 lb. caring for a number of switches, and a gravity or return 
line returning the discharged oil to the system. This principle 
seems to be exceedingly promising insofar as breaking the arc 
is concerned, the switch cylinders being either always full of oil 
under pressure, the opening of the contacts allowing a heavy 
stream of oil to be forced directly across the arc and through the 
hollow contact to atmospheric pressure, or as in another case, 
where the tripping coil opens an oil valve which admits large 
quantities of fresh oil under pressure to come into direct contact 
with the heated terminal directly at the base of the arc. It is 

undeniable that the mechanical squeezing out of the arc is what 
we need. 
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The forcing of considerable streams of cooled fresh oil across 
the contact face to the atmosphere, thereby eliminating all car¬ 
bonization and gasification from the oil switch itself, gives a 
pleasing prospect of what the future may have in store. The 
breaking of a heavy arc by the weight of a nine- or ten-inch 
column of oil, especially in small or confined areas is going to 
be somewhat of a doubtful matter especially as the sizes of 
operating systems increase. 

Another matter which should be carefully considered in con¬ 
nection with the vertical cylinder oil switch is the magnetic 
repulsion between the oil switch cylinders at times of heavy short 
circuits. Insulator bases are required, of great mechanical 
strength, to safely withstand this unusual strain which is perhaps 
similar in its nature to that which causes the opening of high 
tension switches under similar conditions, and it may be perhaps 
that broken base insulators may be traced partly to this cause. 

In the matter of oil-switch contacts, practically every form 
imaginable has been tried particularly in the smaller switches. 
It need only be mentioned, therefore, that there seems a strong' 
tendency to rely upon the cooling ef ect of the oil and the large 
radiating surface of the pot or oil tank to carry off the heat from 
contacts which in air would run exceedingly warm. An oil 
switch contact should on account of the very nature of the 
insulating medium be of at least as large proportions as a similar 
current carrying contact for use in the air; especially so since 
carbonization, sedimentation, moisture and other causes may 
interfere with the contact; and, above all, because it is practi¬ 
cally out of sight at all times. 

Switches of the more powerful types are generally sufficiently 
provided as to contact area, but there are certain switches of 
high current carrying capacity designed for mounting on marble 
switchboards, for hand or solenoid operation in which the con¬ 
tact surface is naturally too small. The switch, including the oil 
and the oil tank itself, run exceedingly warm with the contacts 
most carefully adjusted. This seems a mistake and should never 
exist in any oil-switch which is placed in a position of respon¬ 
sibility. The temperature of such a switch contact cannot be no¬ 
ticed by handling as can that of a low tension knife switch, so 
that the greater amount of power per ampere precludes any cut¬ 
ting down of contact area if at the expense of a rise in temperature 
over normal conditions. Information as to the increase of con¬ 
ductivity of a contact due to increase of pressure is not very 
plentiful for contacts under oil. 
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The operating mechanism of large oil-switches can be of the 
pneumatic, hydraulic, solenoid or motor type. The pneumatic 
control seems especially adapted for switches of extra high voltage 
and of certain types, although these switches are very frequently 
solenoid operated. In the switches of systems of large ampere 
capacity, the choice between solenoid and motor types of 
mechanism seems an open one. Both types are fulfilling their 
proper functions in a satisfactory manner, so far as can be ascer¬ 
tained. 

The method of control and the wiring of the same vary with 
conditions. Generally, the pilot switch that stands in the 
“ off ” position and inclining toward the contact last in use is 
adopted, principally for reasons of wiring connection. The style 
of pilot switch which remains in contact until thrown into an¬ 
other position is a most excellent switch, and for some reasons, 
especially in synchronizing, is preferable to the open type, if 
connections allow of its use. Certain switchboard designers pre¬ 
fer the pull-button switch where all the contacts are on the 
under side of the operating table, thus precluding any possible 
switch action due to the dropping of any conducting body upon 
the operating table, and thus operating switches at inopportune 
times. 

Generally, the simplest switch seems the best, and with a 
switchboard comprised of plain knife switches so that the opera¬ 
tor can always see that his contact conditions are satisfactory, 
the limit of simplicity has been approached. Synchronizing 
by pulling out a switch seems perhaps the least bit awkward as 
contrasted with throwing it in. Not only is it advisable as 
stated below that the circuit ammeters shalT indicate any open 
circuit condition of the relay coils, but it is advisable if possible 
that the control wiring be so installed that the operator is in¬ 
formed by his pilot lamps in case of any failure or open-circuit 
condition in actuating current supply through the relay or the 
pilot switch itself. 

Standardization in the case of oil switches has been made 
somewhat difficult, so that an excessive number of spare parts 
must at times be kept in stock. It seems unfortunate that 
several types of motors, for instance, all of the same general size, 
speed, and voltage shall be necessary, frequently perhaps on 
account of the changes of the distance between shaft center and 
base or a slight change in the base clamping arrangement. The 
same, of course,J^appHes to motors on governors, main field 
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rheostats, field-break switches, etc. In laying out a new station 
the designer should see that the number of types of auxiliary 
motors are reduced to a minimum, so that instead of six or eight 
or even more types, two or three will fulfill the conditions. 

The interlocking of high power switches has not generally 
seemed advisable up to the present date excepting through the con¬ 
trol wiring scheme. It is, of course, ahvays advisable that this 
be so arranged that the synchronizing plug or switch shall carry 
the actuating current of the selector oil-switch so that it will be 
impossible for the operator to synchronize a machine with one 
operating bus and throw it on the other. Interlocking is further¬ 
more undesirable in many instances as the buses are frequently 
doubled up for various operating reasons, this arrangement afford¬ 
ing a very flexible means of caring for the every day happenings 
of the central station system. In a system in which each 
generator and feeder consists of a main circuit-breaker and two 
selector switches any set of selector switches may be utilized for 
tying together the buses, although the ^snGr3.tor will 

generally be used. 

Interlocking in the smaller types of switches designed for 
mounting directly on a switchboard panel or otherwise has not 
as a rule seemed advisable. The great tendency toward cheap¬ 
ness of production has actually interfered with proper design 
of some of the smaller switches to such an extent that it is sug¬ 
gested that all imnecessary complications should be avoided and 
the money invested placed in the switch itself, providing only a 
first class yet simple operating mechanism. The smaller type 
q£ sw^itch may be hand—solenoid—or motor-operated. lien 
used as a circuit-breaker it must be installed in systems within 
the limits of capacity as given by the manufacture! s. Its use on 
systems of the heavier class is not advisable unless in substation 
installations when it may be safely used as a single throw device 
for a bus selector switch, provided that a heavy type of switch 
is used as a circuit breaker. This lighter switch finds a very 
abundant field on account of its relatively low cost, especially 
on voltages from 2,400 to 13,000. It is frequently used as a 
remote control switch, as a manhole or pole-type switch, and on 
the outgoing 2,400-volt wfires from alternating-current trans¬ 
former substations. There is lacking, up to the present time, 
any adequate time element device for this useful switch, so that 
unless special relays are used on the switchboard, circmt-breaker 
setting by means of the tripping coils generally means the opening 
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of every switch in the series on short circuit, which is extremely 
objectionable. The usual practice, therefore, in this connec¬ 
tion, is to solidly block everything possible and to remove all 
blocks only at the time of known danger or when switching. This 
at best is a dangerous practice and it is hoped that at a near date 
some satisfactory time element device will be furnished with 
all such switches for station use, as this will not only make 
possible selective setting of the various switches, but wdll possibly 
protect the switch itself. 

In the alternating-current substations of a generating system 
of any considerable size the double throw form of polyphase 
switch in w^hich both of the main bus bars, for instance, of the 
substation enter one switch, is generally inadvisable, especially 
in the switches of large ampere capacity and one self-contained 
oil tank such as is being furnished at the present day. It is 
preferable to install twm first class oil switches, one for each bus 
in such a situation that repairs to switches and regular overhauling 
can be carried on safely and all chances of trouble between buses, 
and also the necessity of lowering an oil tank with very small 
clearances while the switch is alive, is practically entirely done 
awmy wdth. This double-throw type of oil-switch in which the 
dimensions are reduced to a minimum and the design is influenced 
to a large extent by commercial conditions, is especially dangerous 
if used as a circuit breaker. The operating mechanism, further¬ 
more, of many of the switches of this type is very 
frequently of too light a nature to be consistent with the re¬ 
sponsibility thrown upon the switch. Further defects which are 
brought about by the necessity for economy of space in the same 
type are weak insulators, and weak insulator support, also the 
difficulty of aligning the contacts and the contact yoke and of 
keeping them in proper alignment. Loose insulators, loose studs, 
and leaking tanks are of very frequent occurrence with some 
types of switches. 

If light duty switches are installed in situations where they can 
be called upon to open short-circuits beyond their rated capacity 
in kilowatts, the oil is badly carbonized,, the tanks are lia¬ 
ble to become damaged, the contacts burned excessively, and 
the switch emptied of its oil if not actually short circuited. 
The oil tank for these light duty switches should be given 
an ample margin of security and purchasers of switches, par¬ 
ticularly those wffiich are to be used on systems of large size even 
though they are not to open exceedingly heavy arcs should 
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specify tanks of heavy sheet metal properl}^ riveted and abso- 
lutely oil tight. A great deal of trouble has been experienced 
through leaking of switch tanks in which, mainly for reasons of 
cost, the weight of the metal has been reduced until the tank 
itself is much inferior to that of several years ago. A one-eiglith 
inch boiler plate tank, properly riveted is superior in every way 
to the light weight tanks now so well known. These latter 
remarks apply particularly to switches for use on switchboard 
panels. There are certain occasions when commercial conditions 
step in and a switch is desired at a minimum of cost, even at the 
expense of a certain degree of security. The operating switch¬ 
board of any main or substation, however, is not a location where 
security can in any wmy be dispensed with. 

There is urgently needed a new type of oil-switch of the 
cheapest form, preferably of the single-pole type, which shall 
be automatic in case of predetermined overloads, and which shall 
be capable of being installed in place of present line boxes on 
overhead 2,400-volt distribution lines. There is a wdde field 
for the introduction of just the right swdtch in this connection. 
At the present time, the market offers no satisfactory device. 
As these switches could be made in enormous numbers and as the 
design may be made so that the factor of safety excepting only 
the matter of insulation, is not exceedingly high, it would seem 
that it should be possible to manufacture at wholesale such a 
device that would in a measure compete, even in cost, with the 
present enclosed fuses and line or manhole cut-outs. 

Experience has demonstrated that constant \ igilance is neces¬ 
sary with regard to every part of a generating system if service 
conditions are to be maintained at the highest point of reliability. 
Especially so is this true of the oil-swdtch in large systems. 
Certain defects can be noticed by visual inspection; others re¬ 
quire the operation of the switch one or more times, while the 
inspector closely wmtches the mechanism and tanks. Still 
others can only be found by actually taking the switch apart 
and reassembling it. The inspection necessary, therefore, covers 
the knife switches, the insulators and contacts, oil-switch mechan¬ 
ism, tanks, rods, base insulators and compartment. To best 
accomplish this, the work of switch inspection may be sub-divided 

as follows: , ^ . 

1. Daily inspection of mechanism, tightening up of possible 

loose nuts, etc., general cleaning of switch. This covers all that 
can be observed with a reasonable amount of attention while the 
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switch is in service, and is given every switch whether carrying- 
current or “ dead.” 

2. Weekly inspection, covering the operation of the switch 
from four to six times to observe clutch conditions, tripping 
coils or contacts, open-circuits in wiring, loose parts, ])olts, 
nuts, etc. This test also insures the switch being securely bolted 
down to its compartment. All doors are taken off or swung 
open, and tanks, rods, yokes, etc., examined leaky oil tanks 
cleaned up and any dirty base insulators cleaned off. This latter 
inspection has frequently located broken base insulators, insu¬ 
lators loose in their iron mountings, loose bolts securing base 
insulators, loose yokes and -v^ooden shafts, and on one occasion 
a yoke and set of rods which had actually become disengaged 
from its clamp on the vertical wooden rod and fallen into the 
closed position, thereby closing one phase of the switch abso¬ 
lutely without the operators’ knowledge. Defective alignment 
of cylinders, particularly in the case of the older type of switches, 
and improper switch action are also thus located. This inspec¬ 
tion also locates leaky oil tanks, defective cable connections 
and terminal insulation. 

3. Once a year every switch is completely taken down, each 
part cleaned and oiled, contacts brightened, supplied with fresli 
oil, and any minor defects that may have crept in are remedied 
as far as possible. 

These three inspections have been found to cover fairly well 
the operation of the oil-switch in service. The whole of the work 
outside of the inspection itself is cared for by one man, excepting 
that the annual overhauling makes it necessary to add one 

^helper to the force. This is in .a plant of some 90 high-pow'^er 
switches. 

The yearly inspection has discovered at times defects of a 
very serious nature which would not have other-wise been lo¬ 
cated, excepting through the failure of the switch mechatiisni 
to operate in service, and also troubles with the switch 
cylinder, rods or contacts. It is desirable that this systematic 
inspection be recorded, a separate card being used for every 
switch on which the various defects are noted. The main pur¬ 
pose, however, as stated above, is that the switches may be in 
working condition at all times both as to mechanism and the 
switch itself. Failures to operate when called for, defective 
contacts, low or defective oil, loose parts within cylinders, de¬ 
fective rod tips, or broken insulators may, any one of them be 
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the means at a most inconvenient time of causing trouble. 
Further records of switch condition besides the details dven 

o 

from the above cards are obtained grouping the various 
defects in order that the weak points of the switch may con¬ 
stantly be kept in mind. The number of times the switch is 
thrown under inspection exceeds in all probability the times that 
it is actually used in service and has a tendency to cause a certain 
amount of switch trouble itself by loosening the bolts and con- 


Type H Switch Record —1909 
Minor adjustments not noted 



In 

service 

Weekly 

test 

Yearly 

overhaul 

Total 

Failed to open. 

0 

0 

0 

0 

Failed to close. 

6 

10 

0 

16 

Pumped.. 

0 

5 

13 

18 

Oil renewals. 

7 

0 

81 

88 

Oil thrown on short-circuit. 

7 

0 

0 

7 

Contacts renewed.‘ . 

7 

0 

13 

20 

Base insulator loose or broken .... 

0 

19 

9 

28 

Failure to open short-circuit. 

0 

0 

0 

0 

Defective contact at brushes. 

0 

0 

12 

12 

Broken castings, bearings, etc. 

0 

0 

5 

5 

Bent crank shafts. 

Clutch, trip coil and control finger 

0 

0 

1 

1 

troubles.. 

0 

35 

2 

37 

Friction in mechanism. 

0 

0 

27 

27 

Troubles with compartments. 

0 

0 

2 

0 

Closed accidentally. 

0 

0 

0 

0 

Opened accidentally. 

Switches operated, times. 

0 

0 

0 

0 

35,000 

Short-circuits opened ... 

12 

0 

0 

12 


tacts. It, however, is the only means available whereby the 
switch action may be entirely depended upon. 

The daily inspection thus eliminates the minor troubles ap¬ 
parent to a trained observer; the weekly inspection makes it 
possible to practically eliminate all external troubles in the 
switch compartments and in the mechanism, and especially 
failures to operate when called upon, whether due to open 
tripping coils, defective clutch coils or otherwise, and practically 
insures the switch against trouble due to pumping; while the 
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yearly inspection cleans up the switch as a whole, making it 
possible to start a new year with switches fresh and complete 
from top to bottom. 

The actual expense for material in switch maintenance is 
probably equal to the labor item. The results obtained in a 
year’s service, including operation and inspection of some 90 
switches, subdivided into trouble of the mechanism and those of 
the switch proper are shown in the foregoing table. 

In conclusion it may be briefly stated that the present state 
of oil-switch development, particularly described above, with 
especial regard to its continued use in the large installations of 
the future, has not given the operating man quite the same vision 
of perfect security and unlimited capacity as he would desire. 
A more powerful switch is seriously needed, a switch which will 
stand up in continuous service for at least a year without the 
necessity for overhauling every time a short-circuit is opened. 
It would not seem unreasonable to wish for this condition in 
any piece of machinery; and without doubt the oil-switch will 
be brought up to the standard desired when the operating com¬ 
panies and the manufacturers get sufficiently close together. 
The use of oil in the future switch seems assured. The problem 
is the right way to use it. From the standpoint of the present 
enormous and growing investments that are being protected 
by the device, and with a clear knowledge of the result of failure, 
there is no doubt that between the designer and the user and with 
perhaps the assistance of the physicist and chemist that the 
problem will be readily solved, when once its real importance is 
fully comprehended. 
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Discussioisr on The Modern Oil Switch with Special 
Reference to Systems of Moderate Voltage and 
Large Ampere Capacity Jefferson, N. H., June 
28, 1910. 

Peter Junkersfeld: Oil switches or circuit breaking devices 
seem to require some further development. There is need for 
something different, apparently, from that which we have at 
the present time. My own observation is confined, principally, 
to what Mr. Cheyney classes as the moderate voltage, high 
capacity switches. This class of switches seems to be very 
popular. A favorite question asked of the power station man 
is—Do your oil switches always open the circuit, have they 
ever failed, to open the circuit properly?” The usual answer, 
perhaps given with a little hesitation, is No, they have never 
failed to open the circuit.” I myself have answ^ered that 
question a good many times, and have been frequently tempted 
to add—Yes, they have always opened the circuit, but^ at 
what cost and with what results?” The system I havein^mind 
has at present three hundred oil switches in three different 
generating stations, and if the substations W'Cre included, the 
total would be over five hundred. The number of times that 
the switches w^ere distressed was few—very few?” in comparison 
to the total number of switches. The percentage of the times 
when all of the oil, or a large part of the oil, w^as throwm out (m 
the oil vessel, to the total number of entirely satisfactory swatch 
openings, is also a small percentage, but it is still too large, for 
the reason that the amount of property involved and the number 
of people inconvenienced is such that the reliability, so to speak, 

should be increased. _ . v -u-r^ . 

There is a very urgent demand for this increase in reiiaDiiit\. 

IVEoreover, from the standpoint of first cost, it i^ould seem ^^e 
are perhaps getting a little bit out of balance. The very fact 
that occasionally a switch is perhaps, entirely wrecked, means 
that there is a demand and a necessity for very expensive bus¬ 
bar structures, and everything of that sort, to prevey t_e 
trouble from spreading, and this has reached a point where in 
many systems the cost of the various oil switches, switchboar 
equipments and bus-bar structures, etc., is practically equal to 
the generating end of a steam turbine^ unit.^ -f . 

That, as I said, from an economic viewpoint, looks as it we 
are going too far, but we are driven to it in order t-o proiude 
the degree of reliability of ser\dce demanded. It wordd seem 
also, that in this matter of interrupting circmts, there is really 
no mechanical analogy, that I can think of, for the momen_ a 
least for attempting to stop the enormous momentum in eiec- 
tricai circuits. Mechanically, if we stop a moYing mass, we 
apply the brakes gradually, but with an electnc circuit we at- 
tempt to stop it almost _ instantaneously. It f 
should insert something in the circuit, such as has been s g 
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gested, and on which work has been done in the last year, in 
the way of reactance. That would seem to offer a solution 
insofar as it would reduce the burden now placed on the oil 
switch. However, the progress in that direction has not been 
as great as we could wish, because there are many difficulties in 
designing and building of reactances to stand these large powers. 
Moreover, the experience with oil switches for very large ca¬ 
pacities seems to have been almost entirely with one general 
construction, and in the present state of the art, only one thing 
seems to be possible for use with very large units and that is to 
require a somewhat larger oil switch. 

Ford W. Harris: This paper is one much to be commended 
both on account of its being a logical array of facts from a man 
who knows, and on account of its general tone of fairness and 
moderation. Mr. Cheyney believes the oil switch is the weak 
link in his chain of apparatus and it is very hard to speak fairly 
of the weak link. 

This subject of oil switches is daily assuming a greater im¬ 
portance due to the constantly increasing capacities of our large 
stations. For some years the design of oil switches has remained 
stationary and what was five years ago a thoroughly dependable 
device is now being looked upon with suspicion. 

There is no question that there is not at this time on the 
market any oil switch which can be depended on to open heavy 
short circuits on powers above 10,000 kw. at 11,000 volts or 
below without certain manifestations of distress. 

These manifestations of distress may be grouped into three 
classes: 

1. The throwing of oil from the tanks. 

2. Excessive burning of contacts. 

3. Distortion of rupture of tanks due to heavy pressures 
generated in them. 

These troubles are in themselves serious but there are two 
facts that in a great measure should reassure the operating 
engineers of the country in regard to the present status of the 
oil switch; these are: 

1. That in no case of which we have record has an oil switch 
failed to clear the circuit, providing it was in normal condition 
upon the occurrence of short. 

2. That it is only on powers above 10,000 kw., and only then 
if this power is concentrated at the switch, that any trouble 
whatever occurs. 

Mr. Cheyney seems to feel that the present unlimited breaking 
capacity guarantee on the heavier switches is unreasonable. 
For some years after these switches were put in service these 
guarantees were absolutely correct as no complaints developed. 
As, however, power houses grew larger and turbine-driven gen¬ 
erators became common the three troubles previously given 
developed. The manufacturing companies found themselves 
confronted with a growing difficulty for which they knew no 
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remedy. Operators in general seemed to feel that the fmctio 
of the snatch was to open the circuit and that this was what was 
guaranteed. The throwing of oil and kindred troubles 
themselves, not incompatible with such guarantees and at the 
present time are an understood accompaniment o oi 
action on heavy short circuits. 

This latitude of the manufacturers was not based on inertia 
but on the difficulty of the design problem presented. The study 
of short circuits is a study of calamities The testimony of peop 
who have seen short circmts is of little value. Practica > 
only remedies were in the laboratory and the studj^ of actual 
short circuits produced wilfully on heavy power stations with 
their attendant life and property hazards. Since these large 
power stations are rare and since no operator will wilfully sho 
circuit his bus bars, except under considerable pressure, progress 

must of necessity be slow. .. 

The laboratory study was undertaken and proved ^ery d 

luminating, and within six months three large PO^ f 
have permitted wilful short circuits of great . 

result has been a considerable mass of data which later 

incorporated into a fairly complete exposition of oil swhch 
theory. Better yet, these tests and certain praotical service 
tests indicate the line further development should tfke Jt now 
seems perfectly possible to develop devices which will repeatedly 
open ^thout injury to themselves or the circmt any cu^ent 
which may be generated. It is thus seen that the manufacturers 
“e not rltinl idly on their present 

forward ndth good prospects of success. We . 

few months to present to the Institute a complete record of such 

There is, however, another side of Mr. Cheyney s Paper. 
There are, of course, varjdng degrees of excellence in the oil 
switches now on the market. The present designs are pre j 
much standardized along certain fundamental 

These fundamentals of design are pretty generally obserr ed b> 
all oil snatch manufacturers in this ^untry and abroad, i 
desic^ners of the switch on which Mr. Cheyney s paper was based 
evidently aimed to produce a switch of great rupturing capaci y 
and have adopted a design that necessarily violates some of the 
fundamentals. Some of Mr. Cheyney’s trouble seems to be 
due to this. It seems to me that a statement of these funda¬ 
mentals and a discussion of their bearing on the problem may 
not be out of place. I would, therefore, subnait that ^ ^.ny 
high-tension oil switch the following mam pnnciples should be 

There should be no exposed live metal parts. Switches 
in which oil pots are alive even if they are enclosed “ a cell 
with a door form a very dangerous life hazard and a source 

from which dangerous arcs start. 

2. Switches should be so arranged that gravity will tend to 



1112 


MODERN OIL SWITCH 


[June 28 


Open the switch so that if mechanism is in the open position 
the switch will be open. The falling closed or staying closed 
of a switch which should be open is fundamentally wrong. The 
breakage of mechanism at any one of several points on such a 
switch would result in life and property hazards that cannot 
be ignored. 

3. An oil switch should have all breaks under oil. In the 
heavier capacity svutches of the type in question an auxiliary 
main brush is used to finally close the circuit in parallel with oil 
break. The destruction of contacts in oil will throw the whole 
duty on the air break with a probable total destruction of switch 
and a bad oil fire. 

4. Mechanisms to be permanent and reliable should be self- 
contained. The fastening of one part of mechanism on top of 
brick cell and supporting the remainder on porcelain insulators 
and expecting permanent alignment under the enormous stresses 
of short circuits is bad practice which should be avoided. Each 
pole should be operative outside of the structure and perma¬ 
nently aligned to some substantial frame at the factor}^ of its 
maker. 

5. Solenoid operation rather than motor operation. As one 
who has designed good, bad and indifferent switches, both motor 
and solenoid operated, I cannot too strongly urge the claims of 
the simpler cheaper and permanent solenoid as against the motor. 
What is needed in any switch is a sure short and powerful 
stroke and to obtain this by gearing down a small torque at 
high speed into a compressed spring must result in a complicated 
mechanism. These mechanisms and the motor itself require 
frequent inspection and adjustment. The trouble mentioned 
by Mr. Cheyney as “ pumping ” is a very serious one. ^ As 
I understand it, this means that in opening or closing, the switch 
fails to stop at the appointed place but throws in or out violently 
several times. The effect on a circuit of such an action cannot 
be good, and the effect of throwing a short circuit alternately 
off and on generators must be very bad. Such action on a 
solenoid operated switch is obviously impossible. The 18 cases 
mentioned by Mr. Cheyney of such pumping ’’ were luckily 
all caught by his inspection. 

In general it may be said that Mr. Cheyney's inspection as 
detailed by him is very thorough and is an exceptional condition. 
It is reasonably certain that such inspection cannot be expected 
except in a very efficiently managed station and that the table 
of troubles made up by Mr. Cheyney represent the very best of 
operating conditions. In thus outlining his inspection he has 
indicated what one operator is willing to do to keep apparatus 
in first-class condition and while such exceptional care cannot 
regularly be expected, an improvement in this particular can 
profitably be made in many stations. 

C. W. Stone: On the first page of Mr. Cheyney’s paper he 
says that it is probable that we could get the manufacturers 
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to construct switches to open safely short circuits under the 
worst ])ossible conditions in systems of unlimited kilowatt 
capacities, the only limiting condition, of course, being that the 
consumer be willing to pay for it.” I rather doubt this possi¬ 
bility. I do not believe we can get switches that will open under 
the worst possible conditions, that is, instantaneously. If 
Mr. Cheyney means a type of switch which opens slowly after 
the disturbance is largely over, then I would agree that it is 
|)ossil)le. 

Mr. Cheyney says that a large volume of oil greatly increases 
the factor of safety. My experience has been the other way 
a large body of oil does not increase the factor of safety, unless 
we assume the same type of switches in both cases. Take a 
switch mechanism similar to the type H switch; 
r>ots contained a larger body of oil, there is no doubt but tue 
effectiveness of the switches is increased, but if we compare 
this tvTie of switch with any other standard plunger type ot 
switch, and use a larger body of oil, the H switch will open many 
times the capacity. Even in the larger high voltap swi , 
such as the no,000-volt switches, a large single P^r type 
switch will in all probability open a heavier short ™it than^a 
large scpiare, or oval, or round tank similar to th yp 

switches in use on the Pacific coast. tVipre are 

Another objection to the large amount of piUs d y«e a 
one hundred and fifty switches in a ^tatmn it is not desiraWe 
to have so much oil in a station on account of “teased 

Mr (dievnev mentions the enormous growth in the trans 
mission systems, and therefore the 'necessity for larger switches^ 
Why, if we limit the capacity of our system, or y® . . 

our system, and install reactance, such as has 
a number of cases, and such as is being I t^f 

projected, is it necessary to case of short 

■e'lrtance will tend to limit possible da,mage in y. ^ 

dreS and possible 

turbances will not grow such an extent if the rea ^ 
used. Mr. Cheyney mentions that later on, ana j. cig 

him fully. ., it- to clear the circuit 

I think the td trouble on a little longer, and 

from trouble. it not preferable to destroy the 

thereby save the switch. ^ P according to all the ex¬ 

switch, if we can clear 'th , ’Q„gns the circuit. Suppose 
perience I have the Litch, will not that damage 

we cut off Ure damag ^ii cost more to replace? 

something else on the syste generating ca- 

Mr. Cheyney says , ^hoke coils 

parity in °^®£tly that quoted when the switch was 

problem will not be solved satistacton y 
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Mr. Cheyney also says that the knife switch in series should 
be placed in a compartment below the oil switch. I know this 
is the practice in a number of cases, but I do not agree with it. 
I think it is the worst place you could choose. The object of 
the knife smtch is to cut the oil switch out of circuit, when the 
oil switch is to be inspected. If you have immediately below 
the oil svdtch some live terminals, why are you not increasing 
the risk of the operator when he tries to make an inspection of 
the oil switch, as he must necessarily work within three or four 
inches of the live circuit? I think that is undesirable. I have 
also felt that the knife switch below the oil switch is dangerous, 
unless locked in position, because in bad short circuits the knife 
switch has been thrown open, before the oil switch could act, 
due to the violence of the short circuit. 

Mr. Cheyney mentions the effect on the system due to heavy 
short circuits, that is, interfering with the frequency or the 
voltage of the system. I think if we use reactances we would 
limit that effect and provide for such disturbances. 

I note that Mr. Harris objects to exposed metal. I think it 
is a very good plan to cover up all the metal you can, but if 
you do it at the sacrifice of something else I think you had better 
expose the metal. My experience is the safest switch is the 
switch in which the metal is exposed and surrounded by a brick 
compartment. Then any trouble which may occur will be 
confined to that brick compartment. The mere fact of putting 
insulation around the oil pot simply tends to increase the fire 
hazard. 

My experience is not exactly the same as Mr. Harris’ in regard 
to the “ pumping ” of oil switches. I have seen a good deal 
of trouble in several cases, due to severe pumping, with solenoid- 
operated switches. I have seen these switches pump just as 
much as the motor operated switches. My experience is that 
the solenoid operated mechanism is more costly and complicated, 
and less liable to operate in case of low voltage on the operating 
circuit than the motor-operated mechanism. A motor-operated 
mechanism can be designed so that the opening of the circuit 
is independent of the motor, whether the motor moves or not. 
I think this type of switch will usually clear the trouble better 
than any type of solenoid switch I have ever seen. 

p. B. Rushmore: The functions to be performed by oil 
switches vary greatly, and the resultant troubles in their opera¬ 
tion depend to a large extent upon the particular service for 
w^hich they are used. Small hand-operated switches are often 
opened and closed but a few times during the twenty-four hours. 
Large high-tension switches are as a rule very seldom operated. 
Other switches which may be used for intermittent motor 
service in connection with control apparatus may operate at 
intervals of a few seconds. We thus have a wide field of applica¬ 
tion and no one switch can be expected to be equally satisfactory 
under all the various conditions of operation. 
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During the last few years there has been a very rapid in¬ 
crease in the generating capacity tied together in the large 
Edison systems, and these present one of the most aiixicult 

problems of switching. _ ^ . 

As a criterion regarding the satisfaction which a piece ox elec- 

trical apparatus may have been giving, nothing is better than 
a study of the facts in connection with its use. It is a matter 
of record that certain types of oil switches in use have had com- 
plaints concerning their operation which ainounted to a fraction 
of one per cent, and a piece of apparatus with such a lecord can 

be called highly satisfactory. _ . ^ 

Mr. Cheyney’s paper should not in any way be taken as aii 

attack on oil switches. Very seldom is a recop made of goo , 
successful performance. It is only in the failures and dis¬ 
turbances that we are particularly interested, for it is desirable 
that our attention be concentrated upon these. Generators 
fail, transformers blow up, and every piece of electncal apparatus 

is liable to disturbance of some kind. -i 

Of late a great deal of experimenting has been done with oil 
switches, the results of which are embodied in apparaps raper 
than in a history of experimental work. The honzpntal switch 
of which Mr. Cheyney speaks is used to a certain extent in 
California. Before being manufactured there, it was brought 
out in the East by one of the smaller electncal companies, it 
has however, certain limitations, and under some conditiop 
affects unfavorably the limitations of power house design. Up 
to the present its use has not become very genera . 

Certain types of switches before they have been put on the 
market have been subjected to endurance tests in opening lun- 

dreds of short-circuits in rapid succession. 

Hi"h-voltage switches are in an altogether different class. 
The difficult problem before operating and manufacturing com¬ 
panies is the one of developing switches for use on pircuits where 
very large capacity of generating apparpus is installed, and 
especially where automatic relays are used with the switches. 

In high-tension switches the difficulty is largely one of insu¬ 
lation For use with the highest voltages, it is not an easy one 
to solve, and in swatches recently developed where the specifica¬ 
tions called for a high-potential test of 300 , 000 _volts a consider¬ 
able amount of experimental work was necessitated in connec¬ 
tion with the development of such apparatus, the results or 
which have, however, been entirely satisfactory. 

On the market to-day may be found a considerable nunmer 
of what might be called “ home-made ” high tension switches, 
and these are to some extent used on the transmission systeins on 
the Pacific Coast. At least one large power house has been 
destroyed as the result of the use of these switches. With them 
automatic attachments are but seldom ernployed, and they may 
be more properly considered as disconnecting oil switches, rather 
than as performing the functions for which a switch is usually 

uistalled. 
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On many systems the capacity of generating apparatus has 
increased far beyond what it was when some of the switches 
were installed. The throwing of oil in the switch is a safety 
feature, and is not an indication of the failure of the switch. 
Almost never is it reported that the switch fails to open the 
circuit. 

New types of switch will be developed in the future, and with 
harmonious working between the operating and manufacturing 
companies, the new problems which constantly present them¬ 
selves with the growth of systems and the development of the 
art will be given the same careful study which they have re¬ 
ceived in the past and will meet with the same satisfactory 
solutions. 

C. P. Steinmetz: Before criticising the oil switch, let us 
see what it has done. Most engineers will agree that the opera¬ 
tion of our present very large power stations has become possible 
only by the development of the oil switch. At the same time 
most manufacturing as well as operating engineers, will concede 
that still further improvements may be ^ possible in the oil 
switch. Let us see what the problem is which we have to meet. 

I do not agree with Mr. Harris’ statement of the fundamental 
principles of the oil switch. It rather appeared to me that the 
requirements propounded in his discussion are not fundamental 
principles, but constructive details, mostly of a mechanical 
nature. 

To still further improve the operation of the oil ^switch there 
are two ways; first, reduce the power which the oil switch has 
to control; second, improve the oil switch. The former is the 
problem of which the engineers have heard a great deal in the 
last year or two, because it is a problem which has to be worked 
out by the operating engineers, and manufacturers together 
it means cutting the system into sections, by putting in reactance, 
so as to limit the maximum power which can be developed at 
any place. That is one of the first things which has to be done, 
because no oil switch can ever be designed, nor any other ap¬ 
paratus, to control unlimited power. 

The second problem is to improve the oil switch. Though 
we do not hear so much about it, it is being recognized and 
worked out as industriously, if not more so, than the other 

problem. . . 

In the paper we read about the desirability of using air 

pressure. This matter has been studied very thoroughly, 
pressure gauges have been put on the switch at various points 
to measure the pressure produced by the operation of the switch, 
by the energy of the arc which produces a rapid evolution of gas, 
and so brings to bear upon the break the pressure caused by the 
momentum of the oil, pressures which are far greater than ^ any 
possible air pressure. After all, what the oil switch does, is to 
break the arc under the enormous pressure created by the 
momentum of the oil, which is to be pushed out of the way of the 
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arc, and that pressure exerted is far greater than any pressure 
which you could maintain over the oil. 

The ^action of artificially produced pressure has also been 
studied. I recall some very interesting experiments which 
were made by operating an oil switch under pressure. We had 
a pressure gauge on, the needle of which went off the scale at 
2,000 pounds, and immediately afterwards the top of the oil 
switch, together with the oil—it was a heavy steel tank of 
bomb construction—went up into the air. ^ 

The oscillograph is a valuable assistant in the study of the oil 
switch, and many thousands of oscillograms have been taken in 
studying the performance of the oil svdtch, and in studying the 
performance of the circuits controlled by it, and we know a great 
deal about it, very much more than usually supposed, though 
we do not know as much as we would like to know. 

You will realize the importance of the problem before you 
when you think what the oil switch has to do. Consider a sys¬ 
tem like that of the Commonwealth Edison Company, in Chicago, 
with a short circuit at the bus bars. The instantaneous power 
generated is between 6,000,000 and 8,000,000 kw. Now stand 
at the foot of the Horse-shoe Falls at Niagara and think of 
the problem involved in instantly stopping its power, and there 
you have the problem of the oil switch on a high power system. 
It is not an easy problem, and it is difficult to realize what we 
have to deal with. It is not the few hundred thousand kw. of 
the generators with which we have to deal, but the many times 
larger momentary power. 

Now, what is the destructive effect on the oil switch? It is 
energy, but energy is power times time, and this rneans you can 
reduce the destructive energy by shortening the time. On the 
other hand stands the well established fact that the opening 
of the enormous power in too rapid time, destroys the system 
back of the oil switch. If you open the circuit too rapidly, 
the oil switch may be saved, but you destroy the cables and 
everything else. If you open it too slowly, you blow the oil 
switch to pieces by the energy produced there. Between these 

extremes you have to compromise. 

The oscillograph records give us information how far we can 
reduce the energy of the oil switch by increasing the rapidity of 
the opening, without endangering the system, and that is work 
on which we are engaged. The fundamental principle^ of oil 
switch design thus is to open the switch with the minimum 
energy production in it, but at a rate slow enough not to produce 
destructive effects in the system controlled by the oil switch. 

I have spoken of the oscillograph, and incidentally I may cor¬ 
rect a misconception. It has frequently been believed that the 
oil switch opens the circuit at the moment of minimum stored 
energy, that is at the moment when the potential energy stored 
as magnetic and as electrostatic energy is a minimum. How¬ 
ever, the oscillograph records, as far as I have been able to study 
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them, point to the fact that, irrespective of the stored energy in 
the system, the oil switch opens at the zero value of current. 
For instance, in the charging current of a 100,000-volt transmis¬ 
sion line, of sa}^ 150 to 180 miles, we have an electrostatic 
energy much larger than the electromagnetic energy, still the 
oil switch breaks at zero current, vrhich is practicalh" coin¬ 
cident with maximum voltage; that is, with maximum stored 
energy. 

That is fortunate, because the cause of destructive effects 
is not the electrostatic energy of the system, but the electro¬ 
magnetic energy. The electrostatic energy is limited by the 
voltage. We know, no matter what oscillation is produced by 
the electrostatic energy, the voltage can never more than double. 
It is less than double voltage, and since the double voltage is 
momentary, any insulation which can continuously stand normal 
voltage can momentarily stand double voltage. But in the 
rupture of the current the magnetic energy is unlimited; it can 
be anything up to the magnetic energy of the short circuit cur¬ 
rent, which is many times greater, especially in these high power 
systems, than any static energy, but that energy, fortunately, 
is not destructive in the oil switch, because the oil switch opens 
at the zero of current and thus zero of magnetic energy. It is 
very interesting to observe this on high voltage systems. 

As I stated, there is sufficient evidence available to-day in 
oscillograph records, and it is being worked out at the present 
time, but that work is necessarily slow. 

W. I. Donshea : Mr. Cheyney refers to a number of instances 
of the oil switch, of the type he has under consideration, suc¬ 
cessfully doing the work for which it was designed, and he 
mentions specifically one switch which opened 25 consecutive 
short circuits within a space of one-half hour, and also two 
similar switches wffiich in three years opened several hundred 
short circuits without a change of oil. But he says, “ The 
enormous growth of connected load and, at the same time, the 
adoption of the steam turbine as a prime mover, have brought 
about conditions unforseen; and not only has the ability of 
modern switch construction to safely care for the new conditions 
been questioned, but experimental evidence would lead to the 
conclusion that either a new' form of switch is urgently needed, 
or else a marked change in switchboard construction and station 
operation.’’ 

The speaker is of the opinion that this view is not warranted, 
and he w^ould cite the experience of a company wffiich has in 
use about six hundred and fifty of these switches, of which four 
hundred are located in the two power houses and the remaining 
two hundred and fifty in the tw^enty-six annex stations. The 
rated generating capacity of the two power houses is 160,000 kw., 
(aU connected to one bus) of which 121,000 kw. are in steam 
turbine prime movers, that is of the type which the author 
mentions as imposing exceptionally severe duty on the switching 
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apparatus. These switches are giving satisfactory service, and 
they have not failed in a single instance to disconnect the mos 
severe short circuit to which the system has been subjected. 
This experience indicates that the present conditions were 
foreseen and that both the manufacturers and the operating 
companies were keenly appreciative of the importance ot tne 
interests they controlled, and had already designed on the one 
side and accepted on the other, apparatus which is capable ol 
preserving both safety of equipment and continuity of service. 

The author also refers to the need of overhauling switchejp 
examining contacts and replacing the oil and says, This who ^ 
operation involves a period of at least two hours and i spar 
feeders are not available may lead to considerable annoyance, 
vvliile in any case it may involve a temporary disahlernen o 
large and important investment in apparatus. • bu i is n 
customary to install a system of the magnitude suggeste y 
author without an ample surplus of capacity in feeders as ^ ^ 
in the other parts of the equipment. It is „ 

with such large companies to keep in service a sufficien 
of generators, each with so high an overload capaciy 
one of them may be discorinected withoiit ma eria y _ 
the system voltage; a sufficient number of feeders 
driplicate routes) to the distributing stations and connected 

there to machines, wdiich, like the generators in e po vo-k- 

are in number and overload capacity ample to mam . 
age of the system. On this point I might 
W. F. Wells in a discussion of a similar subject in May, ^ - 
Ill general sufficient equipment is 
render it possible at all times to disconnect 

dividual or group unit, without interfering nf investment 
As the number of units increases the Proportion f 

in emergency or spare equipment diminishe ^ Heoreciation 
of relatively minor importance. The in er ^ nartlv offset 
clvirees on account of this spare equipment are paitly onset 
wcr?iter flexibility in o^rating and the decreased trans¬ 
mission losses.” But unquestionably there ’^^“^trec^gSe 
'ic: (-nnl-emolated by the author which would not recognize 

tVprfnSples offiuraSoe aa applied to reserve epurpmen. as 

”“•¥1,? autta “eftf intooTSgly the subject of oil which has 
boon Vosed to severe arcing, tat the results of tests wh.ch he 

reports 'tae so variable that they seem to “rain 

Ilf discarding all oil which has once been subjected to the strain 

°hn"?he'SnAdTgTari^^^^ the author says “ Constant 
vigilance is necessary.” It is perfectly true that fiequent m 
of all apparatus is both prudent and piofitable. in tb 
two DOwer houses mentioned an inspector makes a tour WyTr 
^^vitch rooms once an hour for the purpose of examining all 
lirts whkh to view, and of locating excessive heat 
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in any switch enclosure. In addition to this, all switches are 
cleaned once a week, and they are dismantled and reassembled 
once a year. Whenever a switch opens under load the oil is 
removed, (and this oil is either thrown away or used for other 
purposes) the contacts are overhauled, the entire switch thor¬ 
oughly examined and new oil is put in. In short, every effort 
is made to maintain the entire switch equipment in a condition 
which is at all times as good as new^ 

What I have said about the existing swdtch must not be taken 
as indicating that I feel it is perfect or that there is nothing better 
to come, but it is a good switch; it is not a one man’s idea, but as 
a previous speaker indicated it is a resultant of the policy of co¬ 
operation and consultation which has always existed between all 
the manufacturing and the operating companies. To use a 
homely expression, both sides have been onto the job.” 

V. Karapetoff: It was interesting to note in this discussion 
that a more rational method for opening circuits behind a large 
amount of power is being discussed, and several speakers have 
mentioned the use of reactance coils. I should like to know more 
in detail the actual connections when reactance coils are used, 
that is to say whether such coils are connected between separate 
feeders, so as to limit the interchange of energy, or if they are 
permanently in series with each individual feeder; also, if such 
reactance coils must contain no iron? I should like also to 
inquire if the scheme has been tried of having series reactance 
coils normally short-circuited by the oil swdtch and automat¬ 
ically introduced into the system by the opening of the switch? 

G. F. Sever: I ask Mr. Cheyney why he uses the value of 
50 in determining the amperes per phase? That is not quite 
clear to me. 

A. R. Cheyney: This paper seems to have been productive 
of a very valuable discussion. First of all I want to disclaim all 
intention of seriously criticising any particular switch, merely 
desiring in my paper to show the actual results which we have 
experienced with oil switches in actual service, and hoping that 
in the discussion new points with regard to design and operation 
might be uncovered. 

In answer to Prof. Sever’s question, I would state that the 
figure 50 used in calculation of short circuit current of alter-, 
nators is a figure frequently given by which we may multiply 
the normal full load current in amperes in order to obtain the 
instantaneous value of the short circuit current. 

In reply to Mr. Harris, I would state that in connection with 
the table of inspection from which he quotes, the examples of 
pumping did not occur in any instance with a switch in service. 
There was, therefore, no pumping of machine or feeder switches 
on short circuit with machines out of step. 

I fully agree with Mr. Stone with regard to large and small 
volumes of oil in a switch, as he states a rupturing capacity of a 
switch with a larger cylinder and a larger amount of oil present 
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is considerably greater than that of a switch with a small cylinder. 
The best means of obtaining a maximum rupturing capacit}^ in 
a switch was one of the main points which I intended to cover 
in the paper. 

The knife switches used in connection vdth the oil switch should 
of course,, be separated from the switch connection proper by a 
fire-proof barrier, the point in this connection I wished to bring 
out being that it is quite important that the man w^orking on 
switches should be able to see for himself the switch w^hich abso¬ 
lutely protects him from possible injuiwn He can then rest 
assured that by no chance can the knife switch be closed without 
his knowledge. 

Uncertainties with regard to the real necessity for reactances 
are being rapidly cleared up so that wiiile a year ago w^e talked 
of reactances being necessary between tw^o stations of 100,000 kwn 
capacity each, and possibly in connection with sub-dividing the 
bus-bar of a 100,000-kw. plant, now' we are considering the 
proposition of reactances being absolutely necessary if we wish 
to protect the switch itself betw-een sections of a generating 
station each of 20,000 kw. or under. 

Professor Karapet off has asked what wiring connections are 
used in installing the reactances. These are installed in several 
ways in accordance with the conditions confronting the designer 
of the plant. In the bus bar they would, of course, be directly 
in series with each bus conductor between sections. When in¬ 
stalled on generating units they are sometimes connected direct!}^ 
in series with each conductor at the generator terminals and 
possibly also in connection with the grounded^ neutral. The 
chance of resonance troubles due to this series connection, 
particularly in large underground systems, has not yet been very 
fully discussed before the Institute to the best of my knowdedge. 

We are thus face to face with the followdhg solutions :y-First, 
install at very frequent intervals heavy reactances w^hich wall 
in all cases divide the station into sections of 20,000 kwu each as 
a maximum. Second, use the present switches wdthout reactance 
and take the chance of serious damage to same and possibly 
a simultaneous interruption of service from the dropping out of 
step of a considerable part of the synchronous machinery. 
Third, the development of a more powerful switch. The latter 
solution seems to me so very desirable that I should hesitate 
to give up at this time all hope of its possible accomplishment. 

E. M. Hewlett (by letter) In reviewing Mr. Cheyney s 
paper, the writer is much impressed with the excellent perform¬ 
ance of the oil switches. It is gratifying to note that in all 
cases in service the switch opened the circuit on overloads ^nd 
short-circuits and that the tests were thorough enough to de¬ 
velop practically all the faults during the test period. 
sidering that there were nearly 100 switches involved, it w’cmd 
seem that the oil was changed on an average of a little less than 
once a year per switch and less than two adjustments were re¬ 
quired per switch per year. 
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Regarding simplicity of design, this point cannot be too strongly 
emphasized. It must, however, be remembered that the 
operating conditions imposed on the oil switches contribute 
ill a large measure to the design. The switches are called for 
to be remote control, capable of being operated at some distance 
from the switchboard, automatic, sometimes with time limit 
and indicating devices to indicate the position of the switch, 
and many other extra functions. It should be appreciated that 



Hia.l FIG. 2 


these extra conditions and requirements have been demanded 
when considering the complexity of the switching device. 

In order to discuss the oil svdtch situation it seems best to 
separate the subject into the mechanical and the electrical opera¬ 
tion, The mechanical operation may be remote control by the 
means of cornpressed air, solenoids, motors, rods and bell 

requirements of the case, using the best 
method fitted for the conditions. 
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The H form of switch with its motor driven iiieclianisiiis is 
designed for remote control operation, so that a large iiunibcr of 
generator and feeder circuits can be gathered together where 
they can be conveniently observed and controlled bv an attend¬ 
ant. 

The three-phase H oil switch in its present form consists of 
six steel oil yessels, eight inches in diameter, with casting at the 
top supporting porcelain bushings through which the contact 
rods may operate. These rods, or arcing tips, make contact 
with a special four-segment contact under spring tension lo¬ 
cated in the bottom of the oil vessel, and are submerged in 
transil oil which has a high voltage breakdown point and will 
not easily carbonize. The depth of oil over the contacts in 
each vessel is eight to 10 inches, approximating two to three 
gallons per vessel. At the bottom of the oil vessel is a heavy 
clamp which serves as a mechanical support and at the same 
time provides an electrical circuit. For capacities over 300 am¬ 
peres brushes are attached to the crosshead, which carry the 
main load current but do not break anv load. Two oil vessels 

m' 

with contacts are used in each cell, thereby giving a double break 
for each of the three phases. 

The high rupturing capacity of the H form of switch is due to 
the baffle plate or pressure chamber construction; Fig. (1) i.e., 
the arc is sprung in the pressure chamber at the lower part of the 
switch and the gas generated by the arc expands and forces the 
oil under pressure through the same aperture that the arc is 
drawn through as it follows the contact rod (Fig. 2). This 
stream of oil under pressure driven into and across the path of 
the arc makes a very effective means of opening electrical 
circuits of large capacity with a small quantity of oil, the oil 
receptacle and baffle plates being made to withstand the pres¬ 
sures. 

Owing to the flexibility of this construction it is permissible 
where large amounts of power are to be controlled to further 
isolate by means of separate compartments for each^ oil vessel 
with its individual break. As an extra insurance it is possible 
to install the mechanism above this layout,^ thereby affording 
protection to the attendant when adjusting neighboring switches, 
at the same time preventing the possible spreading of high 
power arcs to the low potential or control circuits. 

From tests and experience it does not seem advisable to go 
to the extreme of placing the main contacts under oil, as it 

introduces serious complications. 

The K form of switch, in which two or more arcs are sprung 
in one oil vessel, is used in switching moderate amounts of 
power and can be designed for ordinary cases until the pressure 
developed and the amount of oil required make it necessar}' to 
consider other design. This K form of switch is top connected 
and permits a very flexible bus bar layout. A switch of this 
nature is limited in its rupturing capacity due to its rectangular 
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or oval tank, and the difficulty of confining the pressure and 
directing the oil in such a receptacle. 

Regarding Mr. Cheney’s statement on oil switch improve¬ 
ment, a high rupturing capacity H switch has been designed for 
stations with 20,000 kw. turbo-generator units. 

Regarding the possibilities of switching apparatus, oil switches 
can be made to handle any_ generator or capacity desired; it 
being a question of space limitations, expenses and a knowledge 
of the circuit characteristics. 

With very large generating capacities a switch de,signed to 
open the circuit instantaneously might be so large in dimensions 
that it would be prohibitive as a station device and the Iictter 
plan seems, in order to keep oil switches of reasonable dimen¬ 
sions and moderate expense, to limit the conditions Iry scc- 
tionalized busses, reactances, time limiting devices, etc. 
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DISRUPTIVE STRENGTH WITH TRANSIENT VOLTAGES 


BY JOSEPH L. R. HAYDEN AND CHARLES P. STEINMETZ 


I. General 

Experience with high voltage transmissions and distributions 
shows that high frequenc}^ oscillations and other disturbances 
of limited powder do not exert as high a disruptive effect, at least 
on oil and solid insulation, as should be expected from their 
voltage. Discharges have been observed between the terminals 
of high-potential oil transformers through the air, W'hich require 
voltages far beyond those which the transformer insulation 
could stand, and the absence of a break-down of the trans¬ 
former could not always be explained by the screening effect of 
the reactance of the transformer leads. 

In his early investigations on high-frequency currents, nearly 
a generation ago, Professor Elihu Thomson observed that, rela¬ 
tive to air, oil has a much greater disruptive strength for high- 
frequency oscillations than for steadily applied alternating 
voltages. More recently Professor E. E. F. Creighton has, 
as the result of his investigations, expressed the opinion that 
there is an appreciable, though very small, time lag even with 
air; that is, disruptive dischai'ge does not occur instantly with 
the application of the voltage, but some time elapses before 
disruption occurs. This time depends on the nature of the in¬ 
sulating material, and also on the shape of the discharge path. 
This phenomenon is of industrial importance in the protection 
of electric circuits against over voltages of short duration, in 
two ways: 

A spark gap of small time-lag may protect the insulation of 
apparatus against momentary voltages, even if set for a discharge 
voltage higher than the voltage which the apparatus could stand 

1125 
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when continuously applied, if the time-lag of disruptive strength 
of the insulation of the apparatus is much greater than that of 
the protecting spark gap. 

On the other hand, if the time-lag of disruptive strength of the 
insulation of the apparatus is shorter than that of the protecting 
spark gap, the latter would not give effective protection against 
momentary voltages, even if at steadily applied voltage it 
discharges much below the disruptive strength of the apparatus. 

An investigation of the disruptive effects produced by transient 
voltag^es was therefore undertaken. Some of the results found 
with air and with dry white paraffine oil, are given in this paper. 

For producing single high-voltage impulses of very short 
duration, the method used by Professor Creighton in his study 
of lightning phenomena was applied: a continuous voltage is 
impressed upon the primary coil of a high-voltage transformer, 
through a non-inductive resistance. During the rise of the 
continuous current in the transformer primary, a voltage impulse 

If * 

is induced in the (high-potential) secondary of the transformer. 
The height of the voltage impulse and its duration are deter¬ 
mined by the continuous voltage of the supply circuit, and by its 
resistance. The total energy input to the transformer is de¬ 
termined bv its inductance L and the final value of the con- 

mf 

tinuous input Iq, as the energy of the magnetic field of the 


i “L 

transformer, 


11. Method of Tests 

To study small amounts of energy at high voltages, a small 
transformer had to be used, and considerable difficulty was 
first found in avoiding oscillations due to the internal capacity 
of the transformer winding. The arrangement of circuits showm 
in Fig. 1 was found satisfactory^ in giving single high-voltage 
impulses of low energy, free from oscillations. Constant watch¬ 
fulness however was necessary, as the least poor contact or leak 
in any of the circuits immediately created an oscillation and 
thereby produced erratic results. 

In Fig. 1, T is a high-potential transformer, with ratio of turns 
1 to 300. Its high potential leads connect to the spark gap G. 
The screw’ thread of G is 1.6 mm. per turn, so that x’-ji turn 
changes the gap by 0.1 mm. 

At the low’ potential side, the transformer is shunted by an 
adjustable non-inductive resistance and connected through a 
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second adjustable non-inductive resistance, r,, to the continuous 
supply voltage e.,. 

As a source of direct voltage there was used a 40-ampere 
140-volt mercury arc rectifier R, supplied through the reactive 
transformer with 60-cycle 110-volt alternating current from 
the city lighting system. To suppress the voltage pulsations of 
the rectifier, a high reactance of about = 1.0 henry 
inductance, was inserted into the circuit, and the circuit then 
shunted by a condenser of about C* = 25 mf. capacity. A non- 
inductive resistance fj was shunted across the voltage 
adjusted so as to give a continuous load of = 2.5 amperes. 


110 VOLTS 
60 CYCLES 





n 

= 25.7 


Fig. 1 


In some tests, a non inductive resistance r” was inserted, in 
series with the transformer. For this resistance, three in¬ 
candescent lamps were used in multiple; one metallized filament 
lamp, and two luminous heater lamps. The combination of the 
positive temperature coefficient of the former, andHhe negative 
temperature coefficient of the latter gave a resistance which 
was nearly constant up to 4 amperes (about 400 w'atts), and at 
the same time extremely non-inductive. Its characteristic is 
shown in Fig. 2. 

The impulse produced by closing the transformer circuit was 
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used., 3 .S the impulse in opening the circuit is indefinite in voltnge, 
and usually oscillatory. The circuit was closed by a drop switch 
D S Fig. 1; a 7-mm. copper rod dropping 30 cm. into a mercury 
cup. As the residual magnetism of the transformer exerts a 
considerable effect, the impulse was always produced by closing 
the circuit in the reverse direction from that in which it had been 
closed before. For this purpose the reversing switch R S was 
inserted between the shunt resistance and the series resistance r^. 

With fo = 2 amperes in the transformer T, and an inductance 
Li = 0.75 henry, the current in the condenser C was 0.12 am¬ 
pere. As the frequency of the pulsation is 120 cycles, this gives, 



Fig. 2 


for Lj = 1.0 henry, a pulsation of 5 volts out of 440, or rather less, 
since part of the condenser current is due to higher harmonics. 
This pulsation did not extend into the transformer T, but the 
current pulsation in this transformer, read by a 1 to 1 trans¬ 
former, was less than 0.01 ampere. To check the absence of 
any pulsation, after every set of tests the spark terminals G 
were slowly brought into contact with each other, and it was 
observed, whether at the moment before touching a continuous 
discharge was noticeable. This check was found very sensitive 
in discovering the beginning of any loose contact, leak, etc., in 
the system, before it exerted any appreciable ""effect on the 
readings. 
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TABLE I 
October 4. 1909 
Needles; Resistance 



ei 

^2 

€2 

1 io 

<?o 

2.5 

440 

— 

— 

1 ■ — 

— 

2.3 

436 

1.9 

368 

1.0 

24 

2.4 

440 

1.05 

384 

! 0 

100 

2.35 

436 

1.25 

380 

! 1.0 

24 


List. 

turns 

4 

No. of 
trials 

No. of 
discharges 

6 

10 

! 

• j 

10 

64 

10 

10 

7 

10 

10 

74 

10 

10 

8 

10 

10 

8^ 

10 

10 

8 

10 

s 

94 

10 

0 

10 

10 

0 

94 

10 

0 

9| 

10 

1 

QX 

574 

10 

4 

9J 

10 

7 

9 

10 

9 

00 

10 

10 


Continuous discharge 0 


'Zl 


'I2 

62 

fo 

eo 

2.4 

436 


1.05 

384 

0 

100 

2.35 

436 


1.25 

380 

1.0 

24 

2.5 

440 


— 


— 




ea 

dist. cm. 






50 

1.00 






100 

1.47 






150 

1.77 






200 

1.96 






250 

2.04 






300 

2.12 






350 

2.16 
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The method of operation was as follows: The resistances 
fg and fg were adjusted so that with the transformer circuit open, 
the voltage and with the transformer circuit closed, the cur¬ 
rent if), had predetermined values. All the meters 
and ip i 2 > were read, with R S open, with R S closed and 
D S open, and with R S and D S closed. Then R S was opened, 
D S opened, R S closed in reverse direction, D S closed, while 
observing the gap G\ then R S opened, D S opened, R S closed 
in reverse direction, etc., until 12 observations were made. Of 
these, the first two were not considered. The first setting of the 
gap was chosen so as to give a discharge at every impulse. Then 
the gap was lengthened and the tests repeated, and so on until 
no discharges passed. Then the gap was shortened in small 
steps, and again at every step 12 impulses observed, until every 
impulse passed. The gap terminals were next brought into 
contact to observe any continuous discharge, and then all the 
meters read once more, to insure that no change had taken place 
during the test. Ten seconds were allowed after every opera¬ 
tion, to reach stationary conditions. The drop switch D S 
was never used for opening the circuit, and the mercury was fre¬ 
quently changed. A set of such tests is given in Table 1. 

By interpolation, the number of turns, that is, the length of 
gap, is found, at which 50 per cent of the impulses, that is, five 
out of ten, discharge across the gap. 

Tests were made at the voltages = 50, 100, 150, 200, 250, 
300 and 350, corresponding to the discharge voltages, by the 
ratio 1 to 300, of ^ = 15, 30, 45, 60, 75, 90 and 105 kilovolts, 
and with currents = 0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 amperes. 
The complete set for - 1.0 amperes, of which the record of 
Table I is one point, is also given in Table I, and the various sets 
of tests made with needles in air, for = 1.0, are given in Table 
II. The different sets of tests are averaged. 


TABLE II 
Needles in air 


eo 

r" =0 
June '09 

0 

July '09 

26 ohm.s 
Oct. '09 

26 ohms 
Oct. '09 

0 

Oct. 09 

Avg, 

50 

d — 

— 

1.00 

1.00 

0.94 

0.9S 

100 

— 

1.46 

1.47 

1.44 

1.50 

1.47 

150 

1.79 

1.71 

1.77 

l.SO 

1.77 

1.77 

200 

1,94 

1.92 

1.96 

1.92 

2.00 

1.95 

250 

— 

2. OS 

2.04 

2.01 

2.09 

2.06 

300 

2.17 

2.10 

2.12 

2.10 

2.16 

2.13 

350 

— 

2.17 

2.16 

2.17 

2.24 

2.19 
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An approximate. theoretical discussion of the transient phe¬ 
nomena in the system of circuits Fig. 1 is given in the appendix. 
From this it follows that the transient voltage depends o-nly 
upon the transformer inductance L, and on and but is 
independent of the resistance r in the transformer circuit. 
This affords a method of checking the absence of oscillations or 
other disturbanees. The internal resistance of the transformer 
is P = 0.355 ohm. Inserting a much larger resistance, r" — 25.7 
ohms, in series with the transformer circuit, should greatly de¬ 
crease any oscillation in this circuit, if it existed, but should have 
no effect if the transient voltage is a single impulse, in accordance 
with the discussion in the appendix. All the tests were made 

with and without this additional resistance r", and the agreement 
of the results of both sets of tests shows the absence of oscillations. 

III. Results of Tests 

Tests were made with needles, and with spheres of 3.8 cm. 
diameter, in air and in dry white paraffine oil. For the latter, 
the spark gap was arranged vertically, and surrounded by a glass 
vessel filled with oil. 


TABLE III 

Transient voltages—Dielectric strength of air 


Voltage 





■ 


1 

1 

1 

Primary | 

Secondary 


Amperes primary supply ^'o = 


I 

! 

volts 

ea 

kilovolts 

e 

0.25 

0.50 1 

1.0 

2.0 

3.0 1 

1- 

4.0 1 

(EC) 



Strikin g 

Dista T 

ice in c r 

n. 

1 



1 >1 V'i.l 

50 

15 

0.41 

0.75 

0.98 

1.10 


1.22 

1.2o 

100 

30 

0.48 

t 

0.8S 

1.47 

1.89 

— 

2.31 1 

1 

2.73 

150 

45 

0.50 

0.97 

1.77 

2.44 

2.68 

3.14 

4 45 

200 

GO 

0.515 

1.02 

1.95 

2.88 

3.32 

3.88 

6.83 

250 

75 

0.52 

1.05 

2.06 

3.22 

— 

4.50 

9.80 

300 

90 

0.525 

1.06 

2.13 

3.45 

4.05 

5.02 

13.0 1 

350 

105 

0.53 

1.07 

2.19 

3.60 

4.46 

5.39 

16.3 j 

1 

Without resistance. 

1 

1 

3 

2 

1 

1 

’V 

1 

With resistance.• • • • 

1 

1 

2 

1 

0 

1 


Si)hereR 

50 

15 

0.075 

0.18 

0.29 

0.36 

0.38 

0,40 

1 

0.43 

100 

30 

0.093 

0.235 

0.47 

0.66 

0.73 

0.78 

0.95 

1.50 

45 

0.106 

0.265 

0.57 

0.90 

1.02 

1.16 

1.54 

200 

60 

0.11 

0.285 

0.65 

1.07 

1.27 

1.49 

2.19 

t 

250 

75 

0.11 

0.30 

0.69 

1.19 

1.40 

1.70 

2.86 

300 

90 

0.11 

0.31 

0.715 

1.29 

1.50 

1.87 


350 

105 

0.11 

0.32 

0.73 

1.35 

1.56 

1.94 




9 

2 

3 

2 

1 

1 


Without resi 

stance. 

. ^ 







, 1 

With resistance.. • •: 

.1 1 

1 

2 

1 

0 

‘ 1 

--- 
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The results are given in Table III and Figs. 3 and 4 for air, 
and in Table IV and Figs. 5 and 6 for oil. In these tables also 
are given the number of sets of tests, with the resistance t , 
and without it, which have been averaged as discussed above. 


TABLE IV 


Voltage 


Primary 

volts 

eo 


Needles 

50 

100 

1.50 

200 

250 

300 

350 


Secondary 

kilovolts 

e 


15 

30 

45 

60 

75 

90 

105 


Without resistance. 

I 

With resistance.... 


Spheres 

50 


lUO 


150 

200 

250 

300 

350 


15 

30 

45 

60 

75 

90 

105 


Without resistance.. 
With resistance. 


Amperes primary supply io = 

0.50 

1.0 

2.0 

4.0 

(00) 

Striking Di 

stances in cr 

a. 



0 

0 

0 

0 

0.03 

0 

0 

0.016 

0.054 

0.17 

0 

0.025 

0.064 

0.21 

0.49 

0 

0.036 

0.155 

0.40 

0.98 

0 

0.049 

0.235 

0.54 

— 

0 

0.055 

0.28 

0.64 

— 

0 

0.061 

0.30 

0.71 

— 

* 

1 

2 

1 

1 

— 

1 

2 

1 

1 

— 

0.026 

0.042 

0.050 

0.066 

0.07 

0.033 

0,061 

0.071 

0.098 

0.16 

0.036 

0.071 

0.0S7 

» 0.121 

0.27 

0.037 

0.078 

0.099 

0.133 

0.375 

0.037 

0.083 

0.107 

0.144 

0.48 

0.037 

0.088 

0.114 

0.157 

— 

0.037 

0.092 

0.120 

0.163 

— 

2 

4 

2 

2 

— 

2 

4 

2 

2 



For comparison, tests were made with 60-cycle alternating 
voltages and are given in Table V and Fig, 7, for needles and 
spheres, in air and in oil. 

In these tests, the primary of the transformer was shunted by 
a constant non-inductive resistance of 30 ohms, to avoid any 
change of wave-shape of the terminal voltage of the transformer 
when varying it by a series resistance. The constancy of the 
transformer ratio was checked by using another like transformer 
as a step-down transformer. For needle points in air, the ob¬ 
served striking distances were identical, within the errors of 
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observation, with those given in the Standardization Rules of 
the A.LE.E. 

TABLE V 

Alternating-current 60 -cycle voltages-— Dielectric strength 


Kilovolts 
e maximum 

effective 

voltage 


Striking distance 
in air-cm. 


Striking distance 
in paraffin 
oil—cm. 


ISTeedles 
A- I. E. E. 


Needles 


Sphere: 


Spheres 


5 

0.40 j 

0.125 I 

1 

!' 

0.02 

10 

O.Sl j 

0.27 

- j 

0.045 

15 

1.26 

0.43 

0.03 

0.07 

20 

1.72 

0.59 1 

i 

0.06 1 

0.10 

25 

2.22 

0.76 1 

0.11 j 

0.13 

30 

2.73 ■ 1 

0.95 i 

0.17 

■ 0.16 
! 

35 

1 3.27 

1.14 j 

i 0.27 i 

i 1 

0.20 

40 

1 3.82 

i 1.34 

1 0.37 

1 

0.235 

45 

1 4.45 

1.54 

i 0.49 

0,27 

50 

5.19 

1.75 

1 0.63 

1 0.305 

s 

55 

5.98 

1.96 

j o.so 

j 0.34 

60 

6.83 

2.19 

5 0.9S 

1 0.375 

\ 

65 

7.75 

j 2.41 

1 _ 

\ 

j 0.41 

1 

70 

8.70 

2.63 

1 

) 

s 0.445 

75 

9.80 

j 2.86 

i 

j 0.4S 


In the last columns of Table III and IV, and in Figs. 3 to 6, 
have been added tlie striking distances for maximum alternating 
voltage, that is V 2 times effective voltage, as taken from Table V 

nnd Fig. 7. 

It is interesting to note in Table V and Fig. 7 the great d.if- 
ference in the shape of the curves of striking distances, with 
60-cycle alternating voltage, in oil and in air. In oil, up to - 
kilovolts maximum, the striking distance between needle points 
is less than between 3.8 cm. spheres. Below lo kilovolts, no 
striking distance between needle points under oil 
served at all; the striking distance apparently was so small that 
the needle points could not be adjusted for a sufficiently 
small gap. When approaching the disruptive 

chanical motion of the oil and, ° 

bubbles was observed, and also a noticeable tune lag, so that 

three to five seconds had to be allowed at every voltage pomt 

before further raising the voltage; otherwise the disruptive 
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voltage could be considerably exceeded. It seems that electro¬ 
static disruption in oil is a very complex phenomenon, involving 


mechanical motions and chemical dissociation. The oil had to 


be carefully dried and filtered, otherwise the results become very 
erratic. 

In FigvS. 3 and 4, the striking distances witli transient voltages, 
between needles and 3.8-cm. spheres in air, each curve corresponds 



Fig. 3 


to a definite current input into the transformer, that is, a definite 
energy value. The energy is the lower, the smaller the current 
and the curve for unlimited energy input, as given by a steadily 
applied alternating voltage, is marked by oo. 

It seems from this that the curves of striking distances with 
transient voltages start from the curve . of unlimited energy 


(oo) at low voltages, but drop below this curve the earlier and 
the more rapidly, the smaller is the amount of available energy. 
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In Fig. 3, for an energy input into the transformer represented 
by ^ ~ ampere, the striking distance is, at 15 kilo¬ 

volts, very much lower than at unlimited energy. At = 1.0 
and 2.0 amperes it is still appreciably lower, while for = 4.0 am¬ 
peres, it is practically the same at 15 kilovolts as with unlimited 
energy, but drops below at higher voltages. 

All these curves of constant-energy striking distance seem, 


2.0 
i.i) 

1.5 
i.T 
i.e 

1.5 
1.1 
1.3 
1.2 

1.1 2 * 

O 

1.0 
0.0 
o.s 

0.7 
0.0 
0.5 
O.l 
0.3 
0.2 
0.1 

KILOVOLTS 

Fig. 4 

for higher voltages, to approach the horizontal direction; that 
is, a finite limit of striking distance. For the small amount of 
energy available withA q = 0.25 and = 0.5 ampere, this final 
limit of striking distance seems to have been practically reached 
within the range of the tests, and has been fairly well approached 
at = 1.0 ampere. For = 2.0 amperes or more, however, 
the curve of striking distance is still markedly rising at 105 kilo¬ 
volts. 
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With transient voltages, the striking distance seems to ap¬ 
proach a finite limit with increasing voltage, and this limit is 
the higher, the greater is the available energy, which is behind 
the voltage. For sufficiently high voltage, the striking distance 
at limited energy becomes independent of the voltage, and 
merely a function of the energy back of the voltage. Thus 
between needle points in air, for the energy represented by H 
= 0.25 ampere, 50 kilovolts gives practically the same striking 



, KILOVOLTS 

. Fig. o 

distance as 100 kilovolts—a little over one-half cm., At the 
higher energy given by = 0.5 ampere, 50 kilovolts still gives 
nearly the same striking distance as 100 kilovolts, but the 
striking distance is about twice as great as at the lower energy 
given by — 0.25 amperes. At 25 kilovolts, = 0.25 ampere 
gives nearly the same striking distance as at 100 kilovolts, 
but io = 0.5 ampere already gives a lower striking distance at 25 
than at 100 kilovolts. 
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Hence the usual curve of striking distance, derived by tests 
with unlimited energy, does not apply at all when the voltage 
lasts so short time that the energy back of the voltage is limited. 
At 100 kilovolts, the striking distance between needle points in 
air is about 15 cm. with unlimited energy, but only 0.52 cm., 
or about one-thirtieth as much, with the limited power of 
= 0.25 ampere; and even at io = 1 ampere, the striking distance 



Fig. 6 
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0.14 
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0.06 
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is still less than 2.2 cm., or one-seventh as much as given by 
unlimited energy at the same voltage of 100 kilovolts. 

At transient voltages of very limited energy, the striking 
distance becomes a function of the energy, and not of the voltage, 
and increases with increasing energy, but not with increasing 

voltage. 

Between spheres in air, the effect of limited energy back of the 
voltage in decreasing the striking distance is similar to that 
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between needle points, but is greater with low values, and slightly 
less with higher values of energy. That is, with the same avail¬ 
able energy, if the energy is very small, the striking distance 
between spheres at transient voltage is a smaller fraction of the 
striking distance of unlimited energy, than it is witli needle 
points. This is shown by Table VI, which gives the striking 
distances of transient voltages as fractions of the striking dis- 



KILOVOLTS 

Fig. 7 

* ■' 

tances with unlimited energy, for needle points and for d-S-cm. 
spheres in air. 

Thus, if a needle gap and a sphere gap are set to discharge 
' at the same alternating voltage, at'transient voltages the dis¬ 
charges would always pass over the needle gap if the energy is 
very sma.ll, and usually over the sphere gap if the energy is 
large. 
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TABLE VI 

Transient-voltage striking distances in air, as fractions of unlimited-en¬ 
ergy striking distances 


Voltafi'c* 

kilovolts 

H - 0.25 

0.50 

1.0 

2.0 

4,0 

Neeilles in air: 

15 

d 

= 0.325 

0.595 

0.777 

0.873 

0.970 

30 

0.170 

0.323 

0.538 

0.693 

0.845 

45 

0.112 

0.218 

0.398 

0.500 

0.707 

00 

0.706 

0.150 

0.2SG 

0.422 

0.5G7 

75 

0.053 

0.107 

0.210 

0.329 

0.4G0 

90 

0.040 

0.0S2 

0.1G4 

0.266 

0.387 

105 

0.033 

0.066 

0.134 

0.221 

0.331 

S{>heres in air 






15 

0.174 

0.418 

0.675 

0.S37 

0.930 

30 

0.09S 

0.247 

0.495 

0.695 

0.823 

45 

0.069 

0.172 

0.370 

0.585 

0.754 

GO 

0.050 

0.130 

0.297 

0.488 

O.GSO 

75 

0.038 

0.105 

0.242 

0.416 

0.595 

Spheres in oil: 






15 


0.372 

0.60 

0.715 

0.940 

30 

— 

0.207 

0.382 

0.445 

0.613 

45 

— 

0.134 

0.2G3 

0.322 

0.448 

GO 

■— 

0.099 

0.208 

0.264 

0.355 

75 

— 

0.077 

0.173 

0.223 

0.300 


With spheres in oil, the behavior at transient voltages is 
similar as with spheres in air, as seen from Table VI, except that 
tlie decrease of striking distance with limited enei'gy is very much 
greater with oil tlaan with air, and at the lowest value of energy, 
that given by — 0.25 ampere, no discharges at all could be 
observed; that is, the energy apparently was not sufficient to 
break down even the smallest oil film. 

This means that the “ time lag of disruptive strength ” of 
oil is much greater than that of air, and an oil gap requires a 
greater amount of energy, to be punctured, than an air gap set 
forthesame alternating voltage {i.e., voltage of unlimited energy.) 

Thus a sphere gap of 0.6 cm. in air, and a sphere gap of 0.1 cm. 
in oil, discharge at the same voltage of 20 kilovolts, if unlimited 
power is back of the voltage. With a single impulse of transient 
voltage, limited in energy to that given by = 2.0 amperes, 
the air gap discharges at 27 kilovolts, while the oil gap requires 
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62 kilovolts. To discharge at 30 kilovolts, the energy given by 
Iq = 4.0 amperes is required for the oil gap, while the air gap 
requires only the energy given by about 1.75 amperes; that is, 
much less energy. It therefore follows, that an air gap, set for 
such distance as to protect oil insulation against voltages of 
unlimited energy, also protects against transient voltages; 
but inversely, an oil gap, even if set to discharge at an alternating 
voltage much lower than that which air insulation would safely 
stand, would not protect against transient voltages if of suffi¬ 
ciently limited power. 

To some extent, similar relations exist between the needle 
gap and sphere gap in air. As seen from Table VI, for low 
values of energy, an air needle gap would protect a sphere gap 
against transient voltages, but not inversely; while for higher 
values of energy, a sphere gap would protect a needle gap 
against transient voltage, but not inversely. The differences 
for higher values of transient energy are relatively small com¬ 
pared with those for lower values, and in general, therefore, it 
seems that the needle gap in air is safer than the sphere gap in 
protecting against transient voltages. Thus spark gap terminals 
are preferably corrugated or knurled. 

Very different and strange are the curves of striking distance 
of transient voltages, with needle points in oil, as shown in Fig. 5. 
The lower energy values, corresponding to = 0.25 and fo = 0.5 
ampere, give no appreciable striking distance at all, even above 
100 kilovolts. At = 1.0 ampere, no appreciable striking 
distance exists at 30 kilovolts, but the lowest voltage at which 
an appreciable though very small (0.025 cm.) striking distance 
is observed, is at 45 kilovolts. Even at the highest energy values 
used in the test, 15 kilovolts give no striking distance. With 
needle points in oil, the transient voltage curve does not approach 
the alternating voltage curve go at low voltage (as seems to be 
the case in Figs. 3, 4 and 6). It has an incurve at low voltage 
like the alternating curve oo, but at higher voltages, the higher 
the voltage the lower the energy. Such needle points in oil 
seem to require the highest amount of energy; that is,'they give 
the greatest time lag of discharge, far greater than spheres in 
oil. At 60 kilovolts, the striking distance between needle points 
in oil is, at -Zq = 1.0 ampere, less than 1/27 of what it is with 
unlimited energy, while with spheres in oil it is about one-fifth, 
and with needles as well as spheres in air, approximately three- 
tenths. 
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There appears thus an. essential difference in the relation 
between needle points and spheres as discharge terminals in oil 
and in air, and the difference is of the same general character 
for transient voltages as for alternating voltages. This dif¬ 
ference is somewhat similar in its nature to the difference be¬ 
tween brittle and ductile bodies in their action against me¬ 
chanical forces. 


IV. Striking Distances with Infinite Transient Voltages 

The striking distances of transient voltages of constant energy 
seem, with increasing voltage, to approach a constant value, as 
seen in Figs. 3 to 6 . An attempt was therefore made to find 
a mathematical expression for this upper range of the curve, at 
which the striking distance begins to become independent of the 
voltage and a function of the energy. The two simplest curves, 
which respresent asymptotic approach to a straight line, are the 
exponential and the hyperbola. The shape of the curves in 
Figs. 3 to 6 is different from the characteristic of the exponential, 
and an equilateral hyperbola was thus tried. 

Assuming that d„ = the striking distance, reached at infinite 
transient voltage, and the approach to this value is hyperbolic 
at higher voltages. This would give the curve 

e {d^ — d) = (1) 


where d is the striking distance at transient voltage e, and c is 

a constant. j j 4 . 1 , • 

If now and are two voltage values, and hi and their 

corresponding striking distances, we get, by substitution in 
equation ( 1 ) 


^1 {d„-d,) = (? 


and from this, by eliminating c- 



( 2 ) 


By this equation ( 2 ), from any two points of a curve a value 
of d. can be calculated, and if the values of d^, calculated from 
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the different pairs of points of the same curve of striking distances 
agree, this would show an agreement of the observed curve with 
an equilateral hyperbola. 

This calculation was made by using the observations from 45 
to 105 kilovolts, and the results are given in Table VII. 

TABLE VII 

Striking distances <iy at infinite transient voltage 


e{d^-d) - da = 

02 — 01 


1 

) 

= 45 

€‘2 = 60 

45 

75 

75 

90 

90 

105 

kilovolts 

kilovolts 

1 

i Needles in air: 0.25 

0.56 

0.54 

0.55 

0.56 

avg. do = 0.55 

i 0.5 

1.17 

1.17 

1.11 

1.13 

1.14 

1 1.0 

2.49 

2.50 

2.48 

2.55 

2.51 

2.0 

(4.20) 

4. o8 

4.60 

4.50 

4.56 

4.0 

(6.10 

6.98) 

7.42 

7.61 

7.5 

Spheres in air: 






0.25 


— 

— 

— 

Avg. cfo = 0.11 

0.5 

0.345 

0.36 

0.36 

0.38 

0.36 

1.0 

(0.89) 

0.85 

0.84 

0.82 

0.84 

2.0 

(I.58) 

1.67 

1.79 

1.71 

1.72 

4.0 

2.48 

2.54 

2.72 

2.36 

2.52 

Needles in oil: 






1.0 

(0.067) 

0.11 

0.085 

0.096 

Avg. do — 0.09 

2.0 

0.43 

0.555 

0.505 

0.42 

0.46 

4.0 

(0.97) 

1.1 

1.14 

1.13 

1.13 

Spheres in oil: 






0.5 

— 

— 

— 

— 

Avg. do = 0.037 

1.0 ! 

1 

(0.909) 

0.103 

0.113 

0.116 

0.111 

2.0 1 

1 

(0.135) 

0.139 

0.149 

0.156 

0.148 

4.0 1 

(0.169) 

O.ISS 

0.222 

0.199 

0.203 


Four values of d^, corresponding to successive sections of the 
empirical curve, are given, and as seen from Table VII, these four 
successive values of agree with each other very well, especially 
in air, that is, they show no regular deviation from the averages, 
which are also given in Table VII. A marked deviation from the 
average is found only for the lower voltage sections of the curves 
of high energ}-; that is, those parts at which the curve is fairly 
close to that of unlimited energ>^ and was to be expected in this 
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case. In averaging, these values have been omitted and are 
given in brackets in Table VII. 

It seems, from Table VII, that the agreement of the striking 
distance curve of transient voltages with the equilateral hyper¬ 
bola, is more than a mere coincidence, and seems to be based 
on some physical law. Especially close is the agreement with 
the air curves, while the oil curves are more irregular, as was to 
be expected from the complex nature of the phenomena occurring 
in oil, as discussed above. 

As illustrating this, there is plotted in Fig. 8 the equilateral 
hyperbola calculated for needle points in air, the energy being 
fo = 1-0 ampere, and the observed values are marked by crosses. 
As seen, from 4-5 kilovolts upwards, the agreement is practically 
perfect. 

The striking distances at infinite transient voltage, as a 
function of the current which supplies the available energy, 
are plotted in Fig. 9, the curves for air being plotted to 10 times 
the scale of the curves for oil, as in Fig. 7. 

Since the energy available at the spark gap is not a simple 
function of the current input into the transformer, but related 
thereto by the magnetization curve of the transformer, no 
simple expression can be expected to represent the curves 
of Fig. 9. 

V. Energy of the Discharge 

An attempt was made to estimate the energy of the discharge 
from the excitation curve of the transformer. This excitation 
curve is given in Table VIII, and plotted in Fig. 10, with the 
maximum values of the exciting current as abscissae, and the 
maximum values of the 60-cycle alternating voltage as ordinates. 

Up to = 1.0 ampere, the values of Table VIII are derived 
by alternating current, since in this range, below saturation, the 
ratio of maximum to effective value of the exciting current is 
very closely \/2. The higher values are determined by ballistic 
test with continuous current, in the following manner: The 
transformer is shunted by a constant non-inductive resistance, 
and a milliammeter is included in this shunt. The throw of the 
milliammeter needle is observed when impressing upon the 
transformer various values of direct current. First, a series of 
readings was taken with the non-inductive shunt so adjusted as 
to give good deflection within the range in which the excitation 
curve of the transformer had been determined by alternating 
current, and plotted in Fig. 11 as the calibration curve of the 
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TABLE VIII 

Excitation of transformer and energy 

60 Cycles 


i 

e 

A t A c 

= 5 

i 

e 

I i Ae 
— s 

i 

e 

li Ae 

= s 

0.05 

2.1 

0.052 

0.75 

119.6 

54.2 

1.9 

233 

189.4 

0.1 

4.7 

0.247 

0.8 

130.1 

62.4 

2.0 

237 

197.2 

0.15 

7.9 

0.647 

0.85 

140.6 

71.1 

2.2 

245 

214.0 

0.2 

12.2 

1.397 

0.9 

151.0 

80.2 

2.4 

253 

232.4 

0.25 

18.3 

2.767 

0.95 

161.5 

89.9 

2.6 

260 

249.9 

0.3 

26.4 

4.99 


171.S 

100.0 

2.8 

267 

268. S 

0.35 

36.2 

8.18 

1.1 

185.0 

121.0 

3.0 

273 

286.2 

0.4 

46.2 

11.93 

1.2 

195.0 

132.5 

3.2 

279 

304.8 

0.45 

56.5 

16.50 

1.3 

203.0 

142.5 

3.4 

284 

321.3 

0.5 

66.9 

21.24 • 

1,4 

210.0 

152.0 

3.6 

289 

338.8 

0.55 

77.4 

26.8 

1.5 

216.0 

160.7 

3.8 

294 

357.3 

0.0 

SS.O 

32.9 

1.6 

221.0 

16S.4 

4.0 

299 

376.8 

0.65 

98.5 

39.4 

1.7 

225.0 

175.0 




IQS 

109.1 

46.6 

1.8 

229.0 

182.0 





TABLE VIII 

Correction for residual magnetism 


i 

e 

Ac 
— s 

e 

li Ac 

= 5 

e 

I i Ac 
= s 

e 

Ac 

= 5 

if) = 


0.25 


0.5 ■ 


1.0 


— 2.0 


-8.0 

0.0 

-40 

0 

-124 

0 

-168 

0 

0.05 

—4.2 

0.095 

-26 

0.35 

- 68 

1.40 

-104 

1.60 

0.1 

0 

0.410 

-14 

1,25 

- 41 

3.42 

- 58 

5.05 


-t-5.8 

1.135 

- 4 

2.50 

- 20 

6.04 

-26 

9.05 


11.5 

2.135 

4- 7 

4.42 

- 4 

8.84 

- 6 

12.55 

0.25 

18.3 

3.675 

17 

6.57 

+ 10 

11.99 

+10 

16.15 

0.3 



26.4 

9.15 

23 

15.57 

23 

19.73 

0.35 



etc. 


34 

19.15 

34 

23.31 

0.4 





46.2 

23.73 

*46.2 

27.89 






etc. 


etc. 


5, by abc 

>ve table = 

= 2.767 


4.99 


11.93 


11.93 

1 

Difference = 

1 

0.908 


4.16 


11.8 


15.96 
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TABLE IX 

Energy of magnetization 


'/■() — (amperes) = 

0.25 

0.5 

1.0 

2.0 

3.0 

4.0 

~ 2' i Ac 

2.707 

21.24 

100.0 

197.2 

286.2 

370.8 

Correction for residual m 
netisrn ~ 

ae- 
b. 908 

4.10 

11.s 

15.90 

15.96 

15.96 

Per cent ~ 

32. S 

19.6 

11.8 

S.l 

5.6 

4.2 

Total ™ 

3.075 

25.4 

111 .8 

213.2 

302.2 

392.8 

Knergy, in ionics; 







C If 

w = ■ .-= .-- 

2 Ttf 377 

0.00975 

0.0070 

0.298 

0.560 

0.803 

1 .041 


0.01 

0.008 

0.30 

0.560 

0.80 

1 .0-1 


(/ ~ 00 cycles.) 


ballistic test. Then the non-inductive resistance was adjusted 
to bring the deflection for the range from 1.0 am[)erc to 4.0 am¬ 
peres, on the curve Fig. 11, and from this curve, from tlie known 



voltage at 1.0 ampere, the voltages, corresponding to higher 
currents were calculated. 
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By energizing the transformer in the same direction as before, 
and in the reverse direction, the residual magnetism was de¬ 
termined, and thereby the correction of the energy for residual 
magnetism estimated. 

The energy input into the transformer was calculated from 
the area between the excitation curve Fig. 10 and the vertical 
axis, as 



i'i A e 

2 TT f 


where A^^ is the difference between two successive voltage 
values, i the average current corresponding to A^, a-rid thus 
I i A e the desired area. / = 60 cycles. 


210 

2;o 

200 

120 ^ 
O 

i.:;o ^ 

UO ^ 
UJ 

noS 

Q. 

100 S 


2 

00 
10 
20 

•JJ 00 i;0 100 120 110 IGO iSO 

MA (li.iUM VOLTS AT 60 CYCLES 

Fig. 11 

This calculation is given in Tables VIII and IX, together with 
an approximate correction for residual magnetism. 

It is interesting to note, that the energy values used in the 
tests, varied from a minimum of 0.01 joule (or watt-seconds) 
to a little over 1 joule. It must be considered, however, that 
this represents the total energy input into the transformer. 
These energy values, therefore are the upper limit of the energy 
which is sufficient to break down the spark gap, and considered 
in this manner, it is remarkable to see how very small an amount 
of energy is sufficient to produce disruptive effects. 
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Comparing the striking distances at infinite transient voltage 
(that is, at voltages which are so high, that the striking distance 
has become independent of the voltage, and a function of the 
energy only), as given in Table VII, with the corresponding 
values of energy, in Table IX, would give the striking distance 
as a function of the energy. The data are not sufficient to de¬ 
termine with any degree of exactness the dependence of ■ the 
striking distance on the energy, since the energy values represent 
the total energy, and not that available at the spark gap. By 
comparing, however, the curves of striking distance for oil, and 
those for air, with the same terminals, relative values of the 
disruptive energy of oil and of air can be derived. 

The striking distances between 3.8-cm. spheres in air can be 
represented approximately by 


W = 0.3 


and those between the same spheres in oil by: 

W = 10do'-5 

wffiere = striking distance at infinite transient voltage, 
in cm., and W = energy in joules used for producing the transient 
voltage. . 

From this it would follow that an air gap requires only 3 per 
cent of the energy required by the same oil gap, to start a dis¬ 
charge; or inversely, that it takes 33 times as much energy 
to electrostatically disrupt oil as its takes with air. 

The curves for air and oil calculated from above equation 
are given in Fig. 12a and b with the striking distance between 
spheres as abscissae, and the energy W was ordinates. The 
observed values are marked by crosses, but as seen, the agree¬ 
ment is not very close. 

The striking distance curve with transient voltages between 
needle points in oil is so different in shape from that in air that 
it does not appear probable that both can be expressed by tl^e 
same equation, as required for comparing the disruptive energy 
of air and oil. The striking distance curve between needle points 
in oil, seems to reach the zero value (dp = 0) at a finite value of 
energy (W^ = 0.235 joule), and if this is the case, it would mean, 
that with needle points in oil, about one quarter joule is re- 
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quired to start the discharge, irrespective of distance and voltage, 
and only the remainder of the energy is available for disrupting 

09 

m 

z» 

O 
-a 

1.0 
0.9 
0.8 
0.7 
O.C 
0.5 
0.4 
0.3 
0.2 

0.1 
0 


the path of the discharge. This however requires further in¬ 
vestigation. 

The striking distance curve with infinite transient voltages 
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between needle points in air can be expressed approximately 
by the equation 

= 0.063 
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and that between needle points in oil, by the equation 


IF = 0.235 +0.72 df a 

From this it would also follow, that a spark gap between 
3.S-cm. spheres in air requires about 5 times as much energy as a 
spark gap of the same length in air between needle points. 

In table X are given the ratios of the striking distances 

« 

( distance in oil \ i r o o i 

-^_ i fQi* needle points and for o.8-cm. spheres. 

distance m air / 

As seen, with needle points the ratio increases with increasing 
transient voltage, and also increases wdth increasing energy. 
With spheres, the ratio first decreases, and then increases again, 
and seems to reach a minimum for some intermediate values of 
voltage and of energy. 


TABLE X 

Ratio of stiiking distances 


distance in oil 
distance in air 


kilovolts 

i 

1 

1 amperes = 0.25 

1 joules = 0.01 

! 

0.50 

0.0G8 

1.0 

0.30 

2.0 

0.566 

4.0 

1.04 

8 

8 

Needles 

15 

0 

0 

0 

0 

0 

0.023S 

30 

0 

0 

0 

0.0085 ' 

0.0234 

0.0623 

45 

0 

0 

0.0141 

0.0262 

0.067 

0.110 

60 

0 

0 

0.01S5 

0.0538 

0.103 

0.144 

75 

0 

0 

0.0238 

0.0730 

0.120 

— 

90 

0 

0 

0.0258 

0.0S12 

0.128 

— 

105 

0 

0, 

0.0278 

0.0S33 

0.132 

— 

■X 

0 

0 

0.0358 

0.101 

0.151 

— 

Spheres 

, 






15 

0 

0.144 

0.145 

0.139 

0.165 

0.163 

30 

0 

0.141 

0.130 

0.108 

0.126 

0.168 

45 

0 

0.136 

0.125 

0.097 

0.104 

0.182 

60 

0 

0.130 

0.120 

0.093 

0.089 

0.172 

4 5 

0 

0.123 

0.120 

0.090 

0.0S5 

0.168 

90 

0 

0.119 

0.124 

O.OSS 

0.084 

— 

105 

0 

0.116 

0.126 

0.0S9 

0.084 

— 

oo 1 

1 

0 

0.103 

0.132 

0.086 

0.081 

■ 

— 
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VI. Conclusions 


The disruptive discharge through a dielectric requires not 
merely a sufficiently high voltage, but requires a definite mini¬ 
mum amount of energy. 

The disruptive discharge does not occur instantly with the 
application of voltage, but a finite though usually very small 
time elapses after the application of voltage, before the dis¬ 
charge occurs. During this time the disruptive energy is sup¬ 
plied to the dielectric. This time may be called the “ time lag 
of the discharge ”. 

The disruptive energy of oil seems to be about 30 times greater 
than that of air, and that of solid dielectrics probably is still 
greater. An oil gap thus requires a greater time before it dis¬ 
charges than an air gap, but even an air gap does not discharge 
instantly. An air gap thus can protect an oil gap against 
momentary voltages, but not inversely. 

With limited available energy, the striking distance increases 
slower with increasing voltages, and drops below the striking 
distance ■ with unlimited energy; and ultimately the striking 
distance becomes entirely independent of the voltage, and merely 
a function of the energy. 

At constant energy, with increasing voltage, the striking dis¬ 
tance seems to approach constancy in a hyperbolic curve. 

The voltage at which the striking distance has become practi¬ 
cally independent of the voltage, is the lower, the more limited 

is the amount of available energy. 

From the available data, the following approximate empirical 
equations for the energy W, in joules, used for a disruptive 
discharge over a distance <io» cm., are derived: 


Needle points in air... 

3.8-cm. spheres in air. 

Needle points in dry white paraffine oil.. 
3.S-cm. spheres in dry white paraffine oil 


W = 0.063 do''' 

W = 0.d do'' 

1^ = 0.235-1-0.72 d 
IF = 10 d'-® 


The investigation of the disruptive effects with transient 
voltages, i.€., limited energy, is of theoretical interest, as it 
may lead to a clearer understanding of the nature of the 
disruptive discharge. It also is of industrial importance, as 
most of the abnormal voltage phenomena occurring in electric 
circuits are transient, i.e., of limited energy, and an effective 
control and protection of electric systems therefore will require 
a knowledge of the action of transient voltages as well as perma¬ 
nent voltages. Very little however is known on the disruptive 
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effect of transient voltages, and furtlier extensive investigations 
on this subject are therefore desirable. 

APPENDIX 

Approximate Equations of Ti*:st Circuit 

Let r ~ r' + E' = total resistance of transfcariner circuit, in¬ 
cluding lamp resistances, etc., and L inductance. 

Let c/ = voltage impressed upon tliis circuit, vvitJi initial 


value e 


0- 


i = current in this circuit, with final value i^^ 
e = voltage induced in the transformer. 

From Fig. 1 we have 


e^^' e Y T i 
^0 = r., (i, - -i) 



. di 

''Ift 


Eliminating <?,/, e, and substituting 




r r., -1- r r,, + r, r, 


gives 


r di , R~ 

E —7'~~ ■'f- :—t 


T 


d t ' r -f r.» r.. i- r 


e. 


0 


and since, at the moment of starting, t — 0 


i = 0, hence 




the equation becomes 



( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

( 6 ) 




This is integrated by 


i = A + B 


( 8 ) 
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Substituting (8) in (7) gives 


a 




(r + T-j) L 



R = ^0 ^ 3 ) 



Since for i = 0, i = 0, we have, by substituting (9) and (10) 

in (8) 


A 



So (■>' + rs) 



Since for i = 00 , f = we have, by substituting in (8) 


B = ( 12 ) 

lienee, from (11) and (9) 

^ - io (13) 


thus 




and from (4) 


e 


= c 

& A w 


^0 

ioL 


t 


hence, for / = 0 





(16) 

(17) 


that is, the ratio of transformation holds for the initial transient 
voltage. 
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The time integral of voltage is 



== io ^ ( 18 ) 

and the equivalent duration of the transient voltage 


^0 



As seen, all resistances, r, are eliminated except insofar 

as they are contained in the initial voltage, and the final 
current. 

The above equations are approximate only, since they assume 
^2 and L as constants. 

The values of for 


■io — 


0.25 

0.50 

1.0 

2.0 

3.0 

4.0 

amperes. 

L = 


0.194 

0.354 

0.455 

0.314 

0.242 

0.198 henry 

eo == 

50 

to = 0.97 

3.54 

9.10 

12.6 

14.5 

15.8 

milli'Secs. 


100 

0.48 

1.77 

4.55 

6.3 

7.2 

7.9 

u u 


150 

0.32 

1.18 

3.03 

4.2 

4.8 

5.3 

tt u 


200 

0.24 

0.88 

2.27 

3.15 

3.6 

3.95 

u u 


250 

0.19 

0.71 

1.82 

2.5 

2.9 

3.2 

u ii 


300 

0.16 

0.59 

1.52 

2.1 

2.4 

2.6 

u u 


350 

0.14 

0.51 

1.30 

1.8 

2.1 

2.3 

it ii 


that is, a time varying from 0.00014 to 0.0158 seconds 

From the table of effective duration to of the high voltage 
impulses, given at the end of the appendix, we can derive ap¬ 
proximate values of the striking distances as function of the 
time of the application of constant voltage, by substituting the 
values of transient striking distances, given in Tables III and IV, 
into the Table X at the end of the appendix. 

This gives the Table XII, which is plotted in Figs. 13 to 16, 
As seen, the curves have a curious double bend. This however 
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TABLE XII 

Striking Distances with Transient Voltages 

(From Tables III, IV and X) 



kv. 











15 

t = 

0.97 

3.54 

9.10 

12.6 

14.5 

15.8 

XlO-3 

00 

Air: Needles. 


d — 

0.41 

0.75 

0.9S 

1.10 

— 

1.22 


1.26 

Spheres. 



0.07E 

) O.IS 

0.29 

0.36 

0.38 

0.40 


0.43 

Oil: Needles. 




0 

0 

0 


0 


0.03 

Spheres. 




o. 02 e 

0.04S 

0.05C 

) 

0.066 


0.07 


30 


0.48 

1.77 

4.55 

6.3 

7.2 

7.9 


oo 

Air: Needles. 



0.48 

0.S8 

1.47 

1.S9 

— 

2.31 


2.73 

Spheres. 



0.093 

0.235 

0.47 

0.66 

0.73 

0.78 


0.95 

Oil: Needles. 




0 

0 

0.016 


0.054 


0.17 

Spheres. 




0.033 

0.061 

0.071 


0.098 


0.16 


45 


0.32 

1.18 

3.03 

4.2 

4.8 

5.3 


00 

Air: Needles. 



0.50 

0.97 

1.77 

2.44 

2.68 

3.14 


4.45 

Spheres. 



0.106 

0.265 

0.57 

0.90 

1.02 

1.16 


1.54 

Oil: Needles. 




0 

0.024 

0.064 


0.21 


0.48 

Spheres. 




0.036 

0.071 

0.087 


0.121 


0.27 


60 


0.24 

0.88 

2.27 

3.15 

3.6 

3.95 


OO 

Air: Needles. 



0.515 

1.02 

1.95 

2.88 

3.32 

3.88 


6.83 

Spheres. 



0.11 

0.285 

0.65 

1.07 

1.24 

1.49 


2.19 

Oil: Needles. 




0 

0.036 

0.155 


0.40 


0.98 

Spheres. 




0.037 

0.078 

0.099 


0.133 


0.375 


75 

t = 

0.19 

0.71 

1.82 

2.5 

2.9 

3.2 


OO 

. Air: Needles. 



0.52 

1.05 

2.06 

3.22 


4.5 


9.8 

Spheres. 



0.11 

0.30 

0.69 

1.19 

1.40 

1.70 


2.86 

Oil: Needles. 




0 

0.049 

0.235 


0.54 



Spheres. 




0.037 

0.083 

0.107 


0.144 


0.48 


90 


0.16 

0.59 

1.52 

2.1 

2.4 

2.6 


OO 

Air; Needles. 


d = 

0.525 

1.06 

2.13 

3.45 

4.05 

5.02 


13.0 

Spheres. 



0.11 

0.31 

0.715 

1.29 

1.50 

1.87 



Oil: Needles...... 




0 

0.055 

0.28 


0.64 



Spheres. 




0.037 

0.088 

0.114 


0.157 



] 

105 

t= 

0.14 

0.51 

1.30 

1.8 

2.1 

2.3 


OO 

Air: Needles. 

i 


0.53 

1.07 

2.19 

3.60 

4.46 

5.39 

] 

L6.3 

Spheres. 



0.11 

0.32 

0.73 

1.35 

1.56 

1.94 



Oil: Needles. 




0 

0.061 

0.30 


0.71 



Spheres. 




0.037 

0.002 

0.120 


0.163 
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TABLE XIII 


Minimum Time of Standard Striking Distance 


e 

Kv. 


Air 

Oil 


Avg. 

Calc. 

Needles 

Spheres 

Needles 

Spheres 








XlO-3 


15 

io — 

16.8 

17.5 


17 

XlO-3 

17.1 

17.2 

30 


9.5 

9.5 

11.3 

(14.4) 


10.1 

9.9 

45 


7.4 

6.8 

6.9 

(12.4) 


7.0 

7.2 

60 


5.9 

5.5 

5.3 

(11.7) 


5.6 

5.7 

75 


4.9 

4.8 


(11.2) 


4.85 

4.75 

90 


(4.4) 





(4.4) 

4.1 

105 


(4.2) 





(4.2) 

3.6 


37,8 74X10« 

= - ; =- - 


XlO 


18 


may be apparent only, and due to the constant error inherent 
in the method of test. Producing these twisted curves, until 

they strike the horizontal line 
of constant voltage striking 
distance, gives the minimum 
time required for the appli¬ 
cation of voltage, to reach 
full striking distance. PIow- 
ever, in most cases the tran¬ 
sient striking distance curves 
in Figs. 13 to 16 do not ex¬ 
tend to high enough values 
to get their point of intersec- 


IG 


14 


12 


10 


|ds 
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^0-= 

37.8 

n_ft. 








\ 

c 











N 












VJ 














-SC. 

_ 


























10 20 ‘^0 40 60 CO 70 80 


Fig. 17 of constant voltage with any 

degree of accuracy. Estimating these points of intersection, 
gives the values recorded in Table XIII and plotted in Fig. 17, 
which can approximately be expressed by the equation: 



These values however are very uncertain, as stated above, 
and further investigation of these phenomena is very desirable. 




A paper presented at the 27th Annual Conven¬ 
tion of the American Institute of Electrical 
Engineers, Jefferson, N. H., June 29, 1910. 


Copyright 1910. By A.I.E.E, 


THE ELECTRIC STRENGTH OF AIR 


BY J. B. WHITEHEAD 


Air is the commonest and most widely used of insulators. Its 
insulating characteristics are remarkably good; it has low specific 
inductive capacity, very low conductivity, and an electric 
strength or resistance to rupture which until recently has met all 
the demands of the electrical engineer. As a result of the in¬ 
crease in values of transmission voltage, however, and of improve¬ 
ments in high-voltage apparatus and line insulators, the electric 
strength of air has become a limiting factor in the long distance 
transmission of power. 

Values of the electric strength of insulating materials are 
usually given in volts or kilovolts per centimeter. In the case 
of air, and probably in that of all other insulating substances, 
it is not possible to state a fixed value for the electric strength 
for standard conditions of temperature and pressure. The shape, 
size and separation of the terminals h^ve an important influence 
on the electric strength as calculated from the break-down 
voltage. For example, the apparent electric strength of air in 
kilovolts per'centimeter varies between 5.5 and 12 for needle 
points at distances between 75 cm. and 1 cm., and approaches 
100 for corona formation at the surface of very small wires. 
Similarly there are discrepancies among the values derived from 
experiments with spheres of different diameter at various dis¬ 
tances of separation, as well as with other forms of discharge 
terminals. The explanation of these discrepancies has not yet 
been satisfactorily given. It will ultimately be found however to 
involve some or all of the following facts: 

The air between two terminals may be partly ruptured without 
a resulting discharge; such a partial rupture is always a cause of 
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copious ionization; this ionization is a separation of the ultimate 
particles of the air into positive and negative charges or gaseous 
ions which render the air highly conducting. Besides these there 
is a further peculiarity of the structure of the air in the neighbor¬ 
hood of conductors which results in a marked and regular de¬ 
pendence of the electric intensity causing ionization, on the radius 
of curvature of the electrode; this fact is particularly interesting 
in that the phenomenon occurs under a variation of dimensions 
10® times as great as the mean free paths of the molecule and 
free electron in the atmosphere, and is thus apparently not di¬ 
rectly connected with these quantities. 

An example of the influence of these facts is the spark between 
needle points. The high value of potential gradient at the 
points causes break-down in their neighborhood, resulting in 
ionization, conductivity, and consequent change of shape of the 
effective terminal from a point to a sphere or other solid shape. 
The sphere enlarges until the intensity at or near its surface, 
decreasing with increasing radius, falls to a value which cannot 
further ionize the air, and there is then equilibrium without dis¬ 
charge. For spheres of a certain size and range of separation 
ionization is followed by an increase in electric intensity, and in 
this case is immediately followed by disruptive discharge. 

Alexander Russell,* in a most valuable paper, has considered 
various types and sizes of terminal in which there can be no 
initial ionization without resulting discharge. He shows from 
the results of various investigators that if the terminals are chosen 
for these conditions, a constant value of about 39 kilovolts per 
centimeter is found for the electric strength of air. He also 
draws some interesting comparisons between his own results 
with spheres and those of Steinmetz with needle points, showing 
that they are in fair agreement when the facts of ionization as 
above described are considered. Russell’s conclusions lead to 
very uniforni results for the particular cases he examines, and 
by an extension of his reasoning it would appear that if we could 
determine the voltage of initial ionization or break-down for a 
given pair of terminals, and could calculate the corresponding 
potential gradient, we should arrive at the same value of the 

electric strength of air for all shapes and sizes of terminals. This 
.is not the case however. 

As IS well known, the s urface electric intensity at which 
of tht the principal articles referred to is given at the end 
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cylindrical wires begin to discharge increases markedly with de¬ 
creasing diameter of wires. For wires of diameter one cm. and 
larger, the critical surface intensity is constant at about 40 kilo¬ 
volts per cm., and this corresponds to the value found by Russell, 
and also to the value at which secondary ionization sets in, as 
determined by Tliomson and others working with vacuum tubes. 
For wircv^ smaller than one cm. the critical intensity increases, 
reaching the value 80 for a diameter 0.1 cm. The ionization 
theory offers no obvious explanation at this point, nor does 
Russell discuss the fact that the surface electric intensity for wires 
smaller than one cm. diameter may be raised far above 39 kilo¬ 
volts per cm. without any evidence of break-down or ionization 
of the air. In fact it should be noted that Russell’s constant 
value of 39 kilovolts per cm. depends on the assumption, not 
yet justified except by his conclusions, of a constant value of 
“ lost volts ” at the surface of separation between terminal and 
air. The apparent variation of the electric strength of air with 
the diameter of wire is a most promising problem for the ex¬ 
perimental physicist. The suggestion by several writers that the 
air has greater strength near the wire than at a distance is only an 
unscientific statement of the fact. Undoubtedly the electric 
strength of the air will ultimately be found to be constant. The 
influences which for small wires reduce the actual intensity below 
the apparent value, and make necessary Russell’s assumption, will 
be discovered and the correction factor for any type of terminal 
will then be available. Some further discussion in this con¬ 
nection will be found at the end of the paper. 

The apparent values of critical surface intensity for cylindrical 
wires as determined by different observers differ considerably. 
The principal workers in this field have been Steinmetz, Scott, 
Ryan, H. B. Smith, Mershon and Watson. With the exception 
of the last named an account of the work of each has been pre¬ 
sented to the Institute. Steinmetz, Ryan and Watson worked 
within the laboratory; Scott, Smith, Mershon and Watson on 
aerial lines. Watson worked with continuous potentials only. 
If all the observations be expressed in terms of critical surface 
intensity there is a marked difference in the results. Omitting 
those of Mershon the others show differences as great as 10 per 
cent for wires in the neighborhood of 0.3 cm. diameter, while the 
results of Mershon fall 33 per cent below the lowest of the others. 
Ryan and Watson have studied the influence of atmospheric 
pressure, Ryan that of temperature, and Mershon notes a 
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decided influence of water vapor in the air, Ryan’s investiga¬ 
tion in this direction being inconclusive. Two general methods 
of observing the point of initial break-down have been used; the 
visual appearance of corona, and the break, more or less sharp, 
in the curve connecting voltage and line current or line power. 
The first method introduces a considerable possibility of personal 
error. The second method necessitates th^ elimination of leak¬ 
age, charging current, and transformer losses, which are often 
many times larger than the quantity sought, and its accuracy 
is open to some question. 

Present Investigation 

The primary aims of the present investigation have been the 
development of an accurate method of determining the electric 
strength of air in the neighborhood of round wires; the applica¬ 
tion of the method to clean smooth wires of various materials 
of diameter less than one cm.; and a study of the influence of 
moisture on the electric strength of air near smooth and rough 
wires. In addition, some interesting properties of the visual 
corona are described. 

The Method. The new method developed permits a determina¬ 
tion of the critical intensity br electric strength of air in the 
neighborhood of round wires to an accuracy within 0.5 per cent. 
It also permits accurate control of the temperature and moisture 
content of the air under observation. It makes use of the fact 
that electrical rupture is invariably accompanied by ionization, 
and that extremely minute traces of ionization may be detected 
by the gold leaf electroscope, one of the most sensitive instru¬ 
ments at our disposal. 

The wire is stretched along the axis of an outer metallic cylin¬ 
der, and the voltage applied between them. Air is drawn from 
the neighborhood of the wire under investigation and over a 
suitable discharge terminal connected to the gold leaf system of 
the electroscope G, Fig. 1. As soon as the ionization accompany¬ 
ing electrical break down occurs the electroscope discharges. 

Near each end of the outer cylinder a series of small holes is 
drilled permitting air to be drawn through the cylinder. The 
electroscope terminal is placed close to the openings by which the 
air leaves. The electroscope retains its charge until the critical 
voltage is reached and then discharges rapidly. A diagram of 
the apparatus and auxiliaries is shown in Fig. 1. A is the wire 
accurately centered in the outer cylinder; it is supported under 
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tension by dry threads well beyond the ends of the cylinder 
which are closed by the wood and glass caps B B. Air is drawn 
through the cylinder by an exhaust fan, entering at C and leav¬ 
ing at D; the velocity of the air is measured at F. Any degree 
of moisture is obtained by bubbling the air through water at 
various temperatures, and the driest state by drawing through 
a large column of calcium chloride. The temperature of the air 
was controlled by passing it through a large coil of lead pipe 
immersed in a tank filled with ice or water of any desired tem¬ 
perature. The moisture content of the air was determined by 



reading its temperature and also the temperature of the dew 
point, as indicated by a polished brass mirror at E; water of any 
temperature could be passed through the solid back of this 
mirror, the temperature being read from a thermometer with its 
bulb immersed in mercury. The temperature of the air was 
read at each end of the tube, and by means of the coil described 
was varied between 6 and 40 deg. cent. The dew point could in 
this way be read to 0.5 deg. cent, and values of relative humidity 
from 0.1 up to saturation were obtained by the methods described. 

The voltage was obtained from a 3-kw., 60-cycle trans- 
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former, 100 to 25,000 volts, the high tension winding being in 
four sections. The primary voltage was read on a Weston dyna- 
morceter voltmeter, standardized for this work, and was con¬ 
trolled by an induction regulator; for close adjustments a small 
amount of resistance, of negligible influence on the wave form, 
was inserted. The ratio of turns of the transformer as obtained 
from the manufacturer is 1 to 250.18 and this value is used for 
determining the secondary voltage. The charging current of the 
wire and cylinders is negligible, and no evidence of leakage cur¬ 
rent could be detected on an ammeter in the high-voltage circuit, 
reading to less than one tenth the normal full-load transformer 
current. The resistance of the primary winding affected the 
secondary voltage as read above by less than 0.1 per cent. 

Accuracy of the Method, The electroscope was provided with 
a scale viewed through a telescope. Its discharge terminal was a 
cylindrical cage of copper wire placed within 0.5 cm. of the wall 
of the main outer cylinder. The reading taken was the time in 
seconds, as determined by a stop-watch, required for the gold 
leaf to pass over a fixed interval on the scale. The normal time 
for free leak over this interval was of the order of magnitude of a 
day. The eye could readily detect motion of the leaf corres¬ 
ponding to 250 seconds. In the experiments on clean wires an 
increase in the primary voltage of one per cent at the critical 
value was generally sufficient to reduce the time of discharge 
from that corresponding to its normal rate of leak, i.e., thousands 
of seconds, to two or three seconds. These figures indicate how 
sharply marked is the critical voltage, and how sensitive the 
electroscope. 

In taking observations, the electroscope is charged and a slow 
current of air drawn through the apparatus. With eye on the 
electroscope leaf the voltage is gradually raised to a value at 
which the electroscope just begins to discharge as detected by the 
eye, and its rate of leak is then measured. The voltage is in- 
creased by small steps, corresponding rates of leak being taken 
several times for each value. The temperature and pressure were 
also noted. The time for discharge drops from practically an in¬ 
finite value to very low values (from two to four seconds) within a 
very small change of voltage. Several of the many sets of ob¬ 
servations are given in Table III and elsewhere, and reference is 
made to curve 2 in Fig. 7 for the sharpness with whicu break-down 
begins. The curves are plotted between time to discharge as 
ordinates, and kilovolts as abscissae. 
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Tests and Experiments 

The first experiments described are an investigation of the 
influence of the velocity of the air through the apparatus. The 
corrections for temperature and pressure variation are then dis¬ 
cussed. Then follow the observations on wires of various sizes, 
and materials under various conditions as to surface and mois¬ 
ture. 



Effect of Air Velocity. A series of observations is given in 
Table I showing that the method as described is, within wide 
limits, independent of the velocity with which the air is drawn 
through the apparatus. A series of curves plotted from an¬ 
other set of observations is shown in Fig. 2. The point of initial 
break-down is not affected by the velocity, but the rate at which 
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ions reach the electroscope is. In the observations from wliicli 
the curves are plotted, the electroscope was some distance from 
the discharging wire, permitting diffusion and recoinbiiiation of 


the ions. The curves from the values in Table I are all super¬ 
posed, since in this case the electroscope was very close to the 
discharging wire, and even at no motion of air in the tube the 


diffusion or projection of the ions from the discharging wire is of 
sufficient volume to discharge the electroscope so rapidly as to 
mask any effect of the increase by velocity. 


TABLE r. CRITICAL VOLTAGE INDEPENDENT OF VELOCITY OF AIR 


Velocity of air, feet per minute 


0 

98 

162 

9KO 

:r/i 

Prim- 

Seconds 

Prim- 

Seconds 

Prim- 

Seconds 

Prim- 

Seconds 

Pritn- 

Seconds 

ary 

to 

ary 

to 

ary 

to 

ary 

to 

ary 

to 

volts 

discharge 

volts 

discharge 

volts 

discharge 

volts 

discharge 

volts 

discliarge 

60.5 

300 

60.5 

400 

60.5 

425 

60.2 

400 

60,7 

500 

61 

5 

61.6 

2.7 

60.7 

18 

60.8 

9 

01.2 

.3 

61.8 

2.8 

62.5 

1 

61 

4.5 

61.2 

2.2 

62 

1 

62.1 

2 

61.2 

2.2 

61.5 

1.8 

62 

1.2 



63.5 

0.8 

60.6 

300 

62.5 

1 

63 

0.6 

— 

™,... 


As seen, the point of initial breakdown is independent of the 
velocity. The action of the electroscope was found to be more 
pronounced when a moderate velocity is used; also a continuous 
draft is necessary for renewing the air, and maintaining constant 
conditions of temperature and moisture. Throughout the e.\- 
periments a velocity of 150 ft. per min. was generally used, and 
the electroscope placed as close as possible to the outlet froni 
the cylinder forming the outer terminal. 

Influence of Temperature .—By means of the lieating and cool¬ 
ing apparatus already described, the series of observations, given 
in Table II, were taken on polished copper wire 0.276 cm. diam¬ 
eter at temperatures between 6 and 41 deg. cent.. Fig, 3 shows 
the corresponding curve corrected to 760 mm. pressure. 


TABLE II. INFLUENCE OF TEMPERATURE ON CRITICAL VOLTAGE 


Mean temperature, cent.... 

7.4 

11.0 

16.4 

20.0 

20.5 

27.9 

41.0 

Primary volts observed.... 

71.6 

70.7 

70.5 

69.1 

70.2 

69.0 

66,8 

Barometric pressure. 

763.0 

755.8 

764.0 

755.8 

765.5 

765.5 

705.5 

Primary volts corrected to 

760 mm... 

■ 

71.4 

71.0 

70.1 

69.5 

69.8 

68.4 

06.3 
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In these experiments the temperature of the air was read at 
the points of entering and leaving, the cylinder being covered 
with he at-insulating materials so as to maintain the temperature 
as constant as possible. The difference in temperature between 
the entering and leaving air was a maximum at four degrees at 
the highest temperature, and the mean values are given in the 
table. This test was undertaken to ascertain the correction fac¬ 
tor for temperature to be applied in the later investigations. 
The results are not offered as being the most accurate attainable, 
and a more exact determination of the influence of temperature 
is planned for a separate investigation. The results are amply 
accurate for the purpose of correction, and indicate that at 
760 mm. pressure there is a drop or rise of 0.22 per cent in the 
critical voltage for each degree centigrade rise or fall from 21 



DEGREES-CENTIGRADE 

Fig. 3.—Induence of temperature -0.276 cm. wire in 6.35-cm. tube 


deg. cent, Ryan has investigated the influence of temperature 
on the voltage at which the corona becomes visible, and his 
results at atmospheric pressure indicate the value 0.27 per cent 
per centigrade degree above or below 21 deg. cent. In the pres¬ 
ent experiments, critical voltages are reduced to 21 deg. cent- 
by means of the factor 0.22 per cent per degree. 

Influence of Pressure. The variations in atmospheric pressure 
introduce considerably less disturbance than those of tempera¬ 
ture. The minimum and maximum pressures encountered in 
these experiments were 750 mm. and 772 mm. Ryan and Wat¬ 
son have investigated the influence of pressure, but their results 
are not in good agreement. In these experiments, critical volt¬ 
ages are reduced to 760 mm. pressure by Ryan’s factor. The 
values of this factor vary from 0.985 for 750 mm. to 1.009 at 
766 mm. My observations within the narrow range stated above 
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are in fair agreement with these values, being 1.88 per cent 
variation, as against 1.53 per cent by use of Ryan’s expression. 
As most of the observations were taken at pressures differing 
little from 760 mm., and necessitating corrections of only a few 
tenths of a per cent, no separate investigation of pressure in¬ 
fluence was undertaken. 



Fig. 4.—Typical curves showing critical voltage for wires of 0.205, 
0.276 and 0.347 cm. diameter in 6.35-cm. tube 

Observations on Clean Solid Wires 

A great many observations were made on copper, aluminum 
and steel wires of diameters between 0.089 cm. and 0.5 cm. 
centered in tubes of 4.9 cm., 6.35 cm. and 9.82 cm. internal 
diameter, and 100 cm. length. The steel wires were taken from 
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rods of tool steel; they were perfectly straight and readily polished 
and handled without danger of kinks. The copper and aluminum 
wires were heated by electric current to dull red and at the same 
time subjected to tension; they were then carefully polished and 
placed in the outer tube without bending or contact with other 
objects. The two larger tubes were placed in the vertical posi¬ 
tion and the wire held under tension in accurately centered in¬ 
sulating bushings on tlie ends. The air was strained through 
cotton wool and a cambric screen at the entrance to the tube. 
On raising the voltage the charged electroscope is unaffected until 


TABLE III. POLISHED COPPER WIRES IN 6.35-CM. BRASS OUTER TUBE 


0.205 cm. diam. 

1 . 

0.276 cm. diam. 

0.276 cm. diam. i 

Primary 

Time to dis- 

Primary 

Time to dis- 

Primary 

Time to dis- 

volts 

charge seconds 

volts 

charge seconds 

volts 

charge seconds 

60 

oo 

69 

00 

68.5 

oo 

60.3-5 

just begins 

69.5-6 

25 

68.S 

just begins 

60.6 

4.2 

70.3 

2.4 3.4 2.8 2.4 

69.3 

3.8 4.2 

60.8 

3.8 3.8 3.6 

71 

1.6 1.6 1.4 

69.2 

8 1.3 8 ' 

60.9 

2.2 2.2 2.2 

73.2 

0.8 

70 

1.4 1.4 1.4 1.4 

61.8 

1.4 1.4 

71 

1.4 1.4 1.4 

72.2 

0.6 0.6 

62.5 

111 

69.7-8 

9.2 10 

69.3 

3.8 

63.5 

0.6 

69 

CO 

69.2 

6 

61 

2.2 2.4 

69.2 

just begins 

68.7 

00 

60.5 

5.4 

0 


0 


60.2 

00 

69 


68.5 

00 

60.3 

just begins 

69.6-8 

9.2 

68.9 

just begins 





69.2 

7 6 



70.3 

2 2 

70.1 

1.4 1.4 ! 

Temperature 19 deg. cent. 

Temperature 19.5 deg. 

Temperature 21 deg. 

Barometer 764 mm. 

Barometer 761 mm. 

Barometer 762 mm. 

Dew point 5 deg. cent. 

Dew point 4 deg. 

Dew point -2.5 deg. 

March 4 

Feb. 15 


Feb. 18 




Corrected critical volts 68.8 

Corrected critical volts 6S.7 


the critical voltage is reached when a sharply marked rapid rate 
of leak sets in. In. Table III several sets of observations on 
wires of 0.205 cm. and 0.276 cm. are given; Fig. 4 gives two curves 
plotted from the figures of the table as well as the curve for 0.347 
cm. wire. From these it may be seen that at the critical point 
an increase of one per cent in the voltage is sufficient to cause the 
electroscope to discharge in three or four seconds although it 
was unaffected at the lower value. With increasing values of 
voltage, the electroscope discharges still more rapidly, although 
owing to its sensibility a point is soon reached when the discharge 
is so rapid that its time cannot be read. The visible corona ap- 












1170 


WHITEHEAD: ELECTRIC STRENGTH OF AIR [Jtine 29 


pears faintly at the beginning of the break in the curve and 
brightens rapidly with increasing voltage. Recalling Ryan’s 
observations that corona and power loss begin together, this 
shows that there is no ionization before power loss sets in. The 
nature of the power loss has been the subject of much speculation, 
and the above fact is one leading to my conclusion that a part 
if not all of the loss is in the process of ionization, ie., the 
separation of the two opposite charges on the molecules of the 
gas. The shape of the curve beyond the critical point depends 
on the air velocity, distance to the electroscope, size of its terminal 
etc., and it offers a means of studying the shape of tlie loss curve 



Fig. 5.—Region on voltage wave occupied by corona at various voltages 

for voltage above the critical value. The investigation has not 
as yet been extended in this direction. 

A further fact of interCvSt in connection with these curves is 
that for decreasing voltage the curve is retraced, and ionization 
or break-down ceases at the same voltage at which it began. 
There is thus no apparent after-effect of foregoing ionization. 
This fact may be also observed by opening the transformer cir¬ 
cuit when the electroscope is discharging; it stops instantaneously 
even when its initial rate is extremely rapid, i when ionization 
is copious. This indicates that the life of a free ion is extremely 
short, and also in view of the low air velocities used that the ions 
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reach the electroscope by their own velocity in the electric field, 
rather than by any aid of the air draft. This conclusion is in 
accord with the independence of critical voltage and air velocity. 
Some further evidence in this direction is given in the description 
of experiments with the corona. 

Table III indicates the nature of the observations taken on 
many variations of size and material of wire and outer tube, under 
various atmospheric conditions. The results on a given size of 
wire at different times and in different tubes are in excellent 
agreement when the corrections for temperature and pressure are 
applied. This is indicated in Table III and also in Table IV in 
which the results of tnis portion of the work are condensed. In 
Table IV the observed values of critical primary volts have been 
corrected to 21 deg. cent, and 760 mm. pressure by the factors 
already described. The critical value is that at which the dis¬ 
charge of the electroscope begins. This point is very sharply 
marked, and under steady circuit conditions could be read to 
0.2 primary volts. On the curves of Pig. 4 it corresponds to the 
beginning of the steep descent of the vertical limb. The maxi¬ 
mum electric intensity at the surface of the wire corresponding 
to the critical primary voltage is calculated from the primary 
reading by the expression 

dv _ _y_ 

d X . b 

% log — 

^ a 

in which V is the maximum value of potential difference between 
wire of radius < 2 , and tube of inner radius h'., xis the distance from 
the center of the wire to the point for which the calculation of 
intensity is made, and thus for tire surface of the wire x = a. 
To obtain V, the primary voltage is multiplied by the ratio of 
transformation, and the ratio of maximum to effective value of 
e.m.f. of the 60-cycle circuit used throughout the experiments. 
An oscillogram of this electromotive force wave was taken, and 
from careful measurements of the ordinates Fig. 5 is a good re¬ 
production. By the summation of the squares or ordinates 
sufficiently close together to take account of the irregularities, 
the ratio of maximum to effective value was found to be 1.45 
for one-half wave and 1.455 for a whole wave; the value 1.452 
has been used in calculating the values in the last column of 

Table ly. 
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In Fig. 6 the results given in Table IV are plotted between 
diameter of wire and maximum critical surface intensity. With 
the exception of two points, at diameters 0.276 and 0.325 cm., 
the curve is fairly smooth. The former point is off only 0.8 per 
cent and the latter for an aluminum wire about one per cent. 
Aluminum is very difficult to polish, the finest abrasives leaving 
streaks and a dull surface; this is sufficient to cause the observed 
lowering of critical voltage. 


TABLE IV. RELATION BETWEEN DIAMETER AND CRITICAL SURFACE 

INTENSITY 


Diam, 

cm. 

Material 

of 

wire 

Diam. 

of 

tube 

cm. 

Material 

of 

tube 

Critical 

primary 

volts 

corrected 

Ratio 

Maximum 

critical 

surface 

intensity 

0.089 

Copper 

4.9 

Brass 

74.5 

125.09 

77,100 

0.122 

Ii 

44 

44 

44.0 

250.18 

70,950 


ii 

44 

44 

87.8 

125.09 

70,800 

0.156 

ti 

44 

44 

97.0 

44 

65,880 

ii 

it 

44 

44 

97.0 

44 

65,880 

0.205 

ti 

44 

44 

109.5 

44 

61,350 

U 

14 

44 

44 

55.0 

250.18 

61,500 

ii 

44 

6.35 

44 

60.5 

44 

62,080 

it 

44 

44 

44 

60.2 

44 

61,780 

it 

44 

44 

44 

(8) 59.9 

44 

61,680 

0.254 

Aluminum 

44 

44 

65.9 

44 

58,750 

0.276 

Copper 

44 

44 

68.9 

44 

58.080 

it 

44 

4( 

44 

68.8 

44 


it 

44 

44 

41 

68.5 

44 


t* 

44 

44 

44 

69.0 

44 


it 

44 

44 

44 

(8) 68.9 

44 

58,080 


44 

9.52 

Steel 

77.3 

44 

57,650 

0.325 

Aluminum • 

6.35 

Brass 

72.8 

41 

55,000 

0.347 

Copper 

6.35 

44 

75.13 

44 

54.500 

0.3405 

44 

9.52 

Steel 

85.7 

<4 

55,100 

0.399 

Steel 

44 

44 

92.5 

44 

53,050 

0.475 

44 

44 

44 

100.6 

44 

51,400 


This curve is of interest when compared with that of Watson 
for continuous potentials; the curves coincide for the smallest 
diameters, but Watson’s is lower by 6 per cent at 4 mm. If, as 
he states, the temperature was constant at 17 deg. cent in Wat¬ 
son s experiments, this suggests that a higher value of alter¬ 
nating potential is necessary for break-down, and that a time 
element is involved; an elevation of temperature however would 
account for a part of this difference. Ryan’s values at which the 
corona appears are also plotted for comparison. In the present 
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work frequent observations of corona were made, and its ap¬ 
pearance invariably coincided very closely with the critical 
voltage as indicated by the electroscope read by an independent 
observer. 

Observations on Dirty Wire 

Throughout the experiments on clean wires it was found that 
the least dust, dirt, or other inequality of surface was accom¬ 
panied by a lowering of the critical voltage. On viewing such 



Fig. 6.—Relation of critical intensity and diameter 

a wire through the end of the tube a discharging point could 
usually be detected. On raising the voltage, other points appear 
on a dirty wire, and the amount of lowering of critical voltage 
depends on the size and number of surface irregularities and their 
location with reference to the electroscope. Thus for copper 
wire 0.122 cm. in diameter taken from a fairly clean coil and not 
polished, the drop in critical voltage below that for clean wire 
was only one per cent. On the other hand, a 0.277-cm. polished 
copper wire, giving a critical surface intensity of 56,500 volts per 
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cm., was heated by current until it took on a flaky coat of oxide. 
Its critical intensity was reduced to 37,850, or by 33 per cent. 
Repeated observations (see Table VI) show this point to be 
very constant and sharply marked. On comparing the dis¬ 
charge curves for clean and dirty wires (see Fig. 7), however, it 



Fig. 7.—Discharge curves—clean and dirty wires 0.276--cm. wires in 

6.35-cm. tube 

will be seen that the break in the curve is less sharply marked for 
the dirty wire and the bend more gradual. This indicates a 
lesser supply of ions, but a supply amply sufficient to cause a 
rapid discharge of the sensitive electroscope. It is thus apparent 
that the figure 37,850 has no significance, only representing 
the value at which the first surface irregularities begin to dis- 
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charge. These discharges represent energy loss, and in suffi¬ 
cient quantity may cause the voltage at which appreciable loss 
begins, to fall far below the value for clean wires. 

Influence op Moisture 

The method of securing any degree of moisture content of the 
air has been described. The continuous draft of air through the 
apparatus, with temperature and moisture instruments close to 
entrance and exits, ensures a constancy of conditions not possible 
with the closed cylinders used by Ryan and Watson. Moist air 
was also obtained by drawing it upward through a dense spray, and 
by taking it from outside the building on rainy days. The in¬ 
variable conclusion from many experiments is that moisture in 
the air has no influence on the surface intensity at which ioniza¬ 
tion and loss begin. Several sets of observations are given in 
Table V. The observed and corrected primary voltages are 
given and also the conditions of temperature, pressure, and 
moisture content. A range of relative humidity from 0.1 to 0.9 
was covered. The “ vapor product ” as defined by Mershon is 
also given in the last column, and ranges from 0.008 to 0.83; 
this quantity is the product of the relative humidity by the 
vapor pressure in inches of mercury. 

Mershon, working on aerial wires, concludes that moisture 
lowers the critical voltage by about 16 per cent for a range of 
vapor product 0 to 0.6. Since his wir^s were exposed to weather 
they were subject to some degree of surface imperfection. Since 
such imperfections are an aid to condensation of moisture it was 
thought that a lowering influence of moisture might be possible 
in this way. A series of tests with moist air was therefore made 
on the dirty wire already described. The results as given in 
Table VI indicate that in the case of dirty wire also, the moisture 
content of the air has no influence on the value of voltage at 
which ionization and loss begin. A possible influence of the 
velocity of the air through the apparatus in checking condensa¬ 
tion was also investigated by drawing moist air through for 
some time, testing for critical voltage, then stopping the air 
draft and testing, etc. In no case was it possible to detect any 
influence of the moisture content on the critical voltage. 

It is difficult to imagine any other conditions of Mershon’s 
experiments which might explain an influence of moisture. His 
wires were suspended by paraffined cords over which the loss was 
only one or two per cent, and consequently all losses save those 
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in the atmosphere itself were practically eliminated. Floating 
particles and mist depositing on the lines would lower the critical 
voltage but with given surface conditions, the experiments de- 


TABLE V. CRITICAL VOLTAGE—MOISTURE CONTENT—CLEAN WIRES 


0,206 cm, diameter 

Primary- 
volts 
at -which 
discharge 
begins 

Tempera 

ture 

of enterin 
air deg. 
cent 

- Tempera¬ 
ture 

g of dew 
point 
deg, cent 

Baromete 

mm. 

Primary 
volts 
corrected 
r 21 deg, and 
760 mm. 

Relativ< 

humiditt 

3 Vapor 
/ product 

/60.3-5 

1 60.3 

60.5 

160.2 

160.1 

/60 

160.1 

/59.9 

160 

59.2 

59 

60.5 

- .... 

20 

19 

21 

23 

24.8 

27 

28 

20 

-4 

5 

8 

16.5 

IS 

23 

25 

0 

764.5 

764 

764.5 

764 

764 

763.5 

763.5 

763.5 

59.96 

59.93 

59.9 

60.07 

60.21 

59.71 

59.62 

60,07 

0.194 

0.4 

0.433 

0.65 

0.68 

0.82 

0.9 

0.264 

0.025 

0.102 

0.136 

0.38 

0.41 

0.624 

0.833 

0.047 

0.276 cm. diameter 

68.8 

21 

-10 

761.5 

68.7 


0.108 

0.008 

/6S.8 








168.9 

21 

-2,5 

761.5 

68.75 


0,208 

0.031 

168.8 








169 

20.4 

1.5 

761.8 

68.8 


0.293 

0.060 

68.8 

24 

8,5 

762,8 

69.2 


0.374 

0.122 

68.8 

25 

13 

762.8 

69.2 


0.47 

0.204 

I 68.5 








1 68.8 

26 

16 

763 

69.1 


0.546 

0.292 

69 

21.6 

15 

763 

68.9 


0,66 

0.33 

68-69 

23.4 

IS 

763 

68.7 


0.72 

0.43 

68.5-69 

20 

17 

760 

68.7 

0.86 

0.504 

.- 


0.347 cm. diameter 



_ 1 


75.3 

19.6 

3 

760 

75.0 

0.33 

0.072 

75.2 

19.8 

8 

760 

75.0 

0.46 

0.147 

75.1-75.5 

22 

12.5 

760 

75.4 

0.54 

0.23 


scribed above indicate an entire absence of any influence of 

fifshon also finds that the rate of loss beyond the 

cntical voltage increases with the vapor product. Here also 
no obvious explanation offers itself. The curves of the present 
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experiments between discharge rate of electroscope and voltage 
show that either the number or the velocity of the free ions about 
the wire is lessened in moist air, and this means a less loss. This 
result is in conformity with those of many other experiments. It 
has long been known for instance that the conductivity of air is 
lessened by moisture; also that the velocity of ions is less in moist 
air than in dry air. Steinmetz notes an increase of electric 
strength of air by the presence of fog and steam. Zeleny has 
shown that between dryness and saturation the voltage of initial 
discharge between a point and a plane is constant for negative 
potentials, and varies by less than 1.5 per cent for positive 
potentials. He also shows that the currents of discharge are 
both low^ered with increasing moisture content. 


TABLE VI. CRITICAL VOLTAGE—MOISTURE CONTENT—DIRTY WIRE 

0.297 CM. DIAMETER 


Primary 
volts 
at which 
discharge 
begins 

Tempera¬ 

ture 

of entering 
air deg. 
cent 

Tempera¬ 
ture 
of dew 
point 
deg. cent 

Primary 

volts 

corrected 

21 deg. and 
760 mm. 

Relative 

humidity 

Vapor 

product 

/46.5 

147 

19 

0.5 

/46.2 

\46.7 

0.282 

0.05 

/46.5 

147 

19 

6 

/46.2 

\46,7 

0.428 

0.11 

/46 

146.2 

20 

9 

/45.8 

146 

0.49 

0.16 

[46 

146.5 

21 

12.5 

145.9 

146.4 

0.58 

0.24 

/45.5 

146 

25 

18 

145.8 

146.3 

0,65 

0.39 

45.5 

26 

19 

45.9 

0.65 

I 

0.41 


When the critical voltages observed by Mershon are reduced 
to electric intensities at the surface of the wires they are found 
to be well below these of Ryan, Watson, and the values given in 
this paper. For example, the loss from a 0.472-cm. wire, accord¬ 
ing to Mershon, begins at a surface intensity 35,000 volts per cm., 
see Fig. 6; the value found in the present experiments for the 
same size wire is 51,000. This difference of 30 per cent can only 
be accounted for in three ways: (1) The method of taking the 
critical point from the loss curves. (2) Dirt and irregularities on 
the wires. (3) Break-down of the air near the strings at a lower 
value than that necessary on a free wire. Examination of the 
curves show that the critical point is taken close to the sharp 







upward break of the curves, and the method other small chances 
of too low a choice of critical value. Dirt and irregularities will 
lowei the ciitical voltage, but rccjuire extreme conditions for as 
great a lowering as 40 per cent, as is indicated by the experiments 
already described. With the larger wires mscd by Mershon, 
it does not seem possible tliat tliis degree of surface irregularity 
could result from any deposit from the air. The third possi¬ 
bility mentioned seems to have been eliminated by tlie tests to 
which the cords were subjected before using. 

In view of these discrepancies, one naturally turns to MershoiTs 
metliod of measuring the loss as a possible source of error. This 
method involves the elimination, by means of a differential 
wattmeter, of transformer losses aggregating several times the 
value of the loss to be measured. The method is elegant in con¬ 
ception, but in view of the small losses to be measured, it is to be 
regietted that its accuracy could not be tejsted further than de¬ 
scribed. Since Mershon’s observations appear to have been 
taken in all seasons, it may be stated that a range of temperature 
of 3o deg. cent, and of pressure of 25 mm. of mercury, and an 
eiioi of 0 pei cent in the critical point as taken from the curves, 

would give a range of critical voltage as wide as that attributed 
by him to moisture. 

Experiments on Coronae 

One of the most striking plienomena in tlie experiments al- 
1 Cady dcsciibed is the extieme sliarpness with whicli tlie critic'al 
voltage appears. I he sharp stoppage of the electroscope dis¬ 
charge on interrupting the alternating voltage, and the coin¬ 
cidence of discharge curves for ascending and descending voltage, 
in the present investigation, indicate that any after-effect of the 
ionization due to corona must be of duration less than one- 
half a period. Ryan showed in beautiful manner how the ap¬ 
pearance of corona was accompanied by a hump on the charging 
current curve in the neighborhood of the maximum of the voltage 
wave, thus suggesting a periodic character. In order to investi¬ 
gate these phenomena further the following stroboscopic device 
was used. A ().156-cm. polished co^jper wire was stretched 
along the axis of an outer cylinder of 10.5 cm. internal diameter, 
and voltage applied between them. The wire was viewed 
longitudinally through six slits, each 4.7 mm. wide, in a disk 
driven by a six-pole synchronous motor; the slits were on a c role 
of 27 cm. radius. The position of the eye was fixed by an eye- 
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piece on a screen movable about the motor axis; this screen had 
a small radial slit 0.5 cm. wide, under the eye piece and opposite 
the circle of slits in the revolving disk. The angular position of 
this slit was read on a circular scale. The eyepiece therefore 
moves through 56 cm. in covering the interval corresponding 
to one period of the alternating circuit. On viewing the corona 
with this apparatus, it is at once found that there are certain 
regions where it cannot be seen and others where it is readily 
visible, thus showing its periodic character. Further the points 
of separation of dark and bright regions are sharply marked, so 
that it is possible to determine quite accurately over how great a 
proportion of a period the corona exists, A set of observations 


TABLE VII. LOCATION OF CORONA ON VOLTAGE WAVE 



Corona appears 

1 

Corona disappears I 

i 

Primary 

volts 

Degrees 

of 

scale 

Electrical degrees 

Degrees i 
of 

scale 

i 

Electrical degrees 

i 

j 

Starting | 

Intensity j 

1 

i 

Reading 

Corrected 

Reading 

Corrected 

105 

/10.4 

1 10.8 

31.S 

27.1 

/50 

150 

150 

143.5 

66.500 ! 

100 

j 12.5 
112.7 

37.S 

33.1 

/4S 

147.2 

142. S 

136.3 

68.300 1 

90 

/14.6 

1 15.4 

45 

40.2 

/45.4 

1 45.4 

136.2 

129.7 

! 

74,200 i 

SO 

/ 16.6 

1 17.4 

51 

46.3 

/43.S 

144.2 

132 

125.5 

1 

1 

70.000 

70 

fl9 

1 19.2 

57.3 

52.6 

/42 

142 

126 

119.5 

70,500 

65 

/27.6 

1 27.8 

83.1 

78.4 

/34.6 

1-34.2 

103.2 

96.7 

70,600 

65 

/26.5 

\27 

80.2 

75.5 

f33 

133.2 

99.3 

1 

1 

92.8 

1 


for various voltages, above the critical value, are given in Table 
VII. The first column gives the voltage on the transformer 
primary; the second column, the scale reading at which the corona 
becomes visible advancing the eye piece from the dark region 
towards the bright, and in a direction contrary to that of the 
motion of the disk. The observation therefore is of the anplar 
position at which the corona ends. The readings of two inde¬ 
pendent settings of the eyepiece are given for each voltage to 
indicate the accuracy. The position corresponding to zero value 
of electromotive force was obtained by an instantaneous contact 
device and voltmeter connected across the transformer primary. 
The third column gives the average readings reduced to electrical 
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degrees, and the fourth column these values corrected for the 
width of the slit and referred to the zero value of electromotive 
force determined as described above. The succeeding columns 
give the corresponding readings of angular position at which the 
corona can no longer be seen. This observation is therefore the 
angular position at which corona begins on the rising side of the 
electromotive force wave. 

The results in Table VII indicate that the corona corresponding 
to a given voltage will persist on the decreasing side of the wave 
to a value below that at which it starts on the side of rising volt¬ 
age. After the intensity drops below the value at which ioniza¬ 
tion begins the foregoing plentiful ionization is able to preserve 
luminosity for an appreciable interval. This interval is seen 
to be extremely short and of the order of magnitude of one or two 
thousandths of a second. In fact the settings for vanishing 
point of corona on the side of decreasing voltage are somewhat 
less sharply marked indicating that the corona fades off more 
gradually than it starts. The readings for 65 volts primary 
taken on different days show some discrepancy. The corona is 
very faint at this voltage close to the peak of the electromotive 
force wave and therefore very sensitive to reading error and 
voltage variation.^ In this region, also, the accuracy of setting 

is somewhat impaired by the presence of the three peaks of the 
electromotive force wave. 


The wave form as measured from the oscillogram is plotted 
m Fig 5, and the ordinates at which the corona starts and 
ceases for the several values of primary voltage are indicated; 
the voltage is rising on the left side of the curve. The ordinates 
corresponding to the angles given in Table VII indicate voltage 
values which by obvious calculation permit the evaluation of the 
hgures for surface intensity at which the coron® begin. These 
values are given in the last column of Table VII. They are in 
airly good agreement, considering the method by which they 
are obtained with the accurate figure for this wire 65,800 as 

thlrSTftr^fi the electroscope. It is altogether probable 
that this latter figure is the real value at which the corona starts 

on the rising side of the wave, and if it be taken as a basis the 

g of the point at which_ corona vanishes would be somewhat 
lessened from the values indicated in Fig. 5. 

as described above superimposes the coronas corresponding to the 
positive and negative halves of the electromotive force cycle 
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By closing alternate slits in the revolving disk it is possible to 
vLw the positive and negative coron® independently. Several 
sets of readings were made for each half wave of the ^ng e a 
which corona begins and ends. The readings for the two half 
waves were made on the same portion of the scale by reversmg 
the field of the synchronous motor. The points of beginning 
» i,... ..f corona were found to be independent of the 
■polarity of" the wire. There was very little difierenee to be 

detected in the appearance of the two coronre; .f 

difference it is a somewhat greater brightness and sharper 

The'extreme sharpness with which the corona appears was 

well illustrated in the etroboecopic »P'™“VthrposTt.raf 
For example, when viewing the corona near the position at 

Ihich it il cut out, very email voltage Buctuat.ons re<l-ted 

-IS flickers in the corona. By setting the eyepiece very near to 
as flickus pulsation of the corona was 

the position oi eclipse, a rc^uia i nf tViP motor 

^ 11 • -viri nuri wnQ traced to a slight hunting OI trie motor, 

generally visible, and was ^ the hole in the 

thus causing a vibration of the echpsi g • ^ evidence of 

,C 1 bo Cn i.y ad usting the voltage so that the 

sensibility cou - ^ , f tlm three oeaks on the crest of 

critical value was in the region o the peaks o 

1 ..c .A■^r^^^Tn in Fig 5 . It was then x^ossiDic oy muvi 

t ic o„t\hc severe peahs separated by the 

trC dm roma srSerarr„gert 

states that the d.amctc. ol the ™oua 

„[ couductors is Jl;): ,„ch as to reduce 

only on the »oltas> • ^ the electric strength 

the electric giadici . e ■ • made bv Russell in several 

of air. The same suggestion has been made by wuss 

if, he di-imetcr of the corona is very difficult. 
The measurement of the diamc.ici 

I .’c fttnircs and conclusions are apparently based y 

' V f ihc diameter. Photographic methods fail, 
eye estimates «1 the diaincr _ ^ invisible ultra- 

since the phenomenon Jt looking to the de- 

violet rathation. A 

'■‘‘r “111 clibcd bl o: htryieided resmts which are snth- 

corona is aesouuLu uk..i , 
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ciently concordant to make them worthy of recording liere. 
The experiments are being carried further in this most inter¬ 
esting direction. 


A slit was cut in the wall of the outer 15.2~cm. cylinder and, at 
right angles to the axis. A 0.156-cm. wire stretched alone tlie 
axis develops a well defined corona for voltages above 18,000. 
A screen one cm. wide was placed transvensely acro.ss the slit 
and close to the wall of the outer cylinder, ^,'hc scrt^en ivas 


moved up and down to positions in which its upper and low(>r 
edges cut off the corresponding edges of the corona, the eye lieing 
at a pin hole at the horizontal level of the wire and at a distance 
from the wire 6.15 times that of the screen from tlie wire. Jt i.s 


necessary in these experiments that the eye be thorouglily rested 
and accustomed to the daikness. In making the final .set.ti 


mg 


Tj^BLE VIII. DIAMETER OF CORONA 


28,000 volts 



1 Dif- 

Diameter 

Top 

Bottom 

ference 

corrected 

11.065 

10.45 

0.615 

0.462 

11.03 

10.43 

0.60 

0.48 

11.02 

10.41 

0.61 

0.468 

11 

10.41 

0.59 

0,492 

11 

10.41 

0.59 

0.492 

11.035 

10.375 

0.66 

0.408 

Average diameter. 

.6.408 


O.lSr CM wrRE IN 1S.2 cm CVLlNDER 



24, 

306 volts 


1 

1 


1 

1 Dif- 

. ■' ■ ■ i 

1 Diameter 1 

Toj) 

Bottom 

1 ferentte 

corr 

lA'tetl 

10.335 

11.005 

0.73 

0. 

3.24 

10.375 

11.0.35 

0.66 

0. 

408 

10.335 

11.00 

0.725 

0. 

Xi 

10..355 

11.00 

0.705 

0. 


10.375 

11.06 

0.685 

0, 

;i79 

Average 

diameter 

1 

).36 



of the point at which the screen completely obscures l.lie corona 
edge, direct scrutiny is not possible owing to tlie lilind proiim-ty 
of the fovea of the eye. and use must be made of the adjacent 
regions of the retina. In this way any number of quite consistent 
readings may be taken. The screen was carried on a catlietometer 
which could be read to a hundredth of a millimeter. The results 
^effective voltages 28,000 and 24,000 are given in Table VIII. 
T^ey show that the maximum deviations from the average values 
o observed diameter are of the order 10 per cent to 1.5 jk'.,- cent' 
This must be regarded as fair, in view of the small diameters 

this dTrectioT in 

y , the diameters of the corome at 28,000 and 24,000 volts are 
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0.46 cm. and 0.36 cm. respectively. The values of electric in¬ 
tensity at the edge of the corona;, calculated on the assumption 
that the conductor is enlarged to these diameters, i.e., that the 
corona has no resistance, arc 50,250 and 51,700 volts per cm. 
respectively. The values of intensity at which the corotra forms 
on solid wires of diameters 0.46 and 0.36 cm. are 51,500 and 

54,000. 

While it is hazardous to draw conclusions from work as yet so 
incomplete the above figures for a solid wire and a corona as¬ 
sumed to be perfectly conducting are in sucli close agreement as 
to at least suggest; First, that the edge of the corona marks the 
limit of ionization or rupturt;; and second, Unit the; corona has 
high conductivity, tlu; greal.tu part of the ])otential difference, 
and hence loss, occurring l)eyond its Ixmndary. On this assump¬ 
tion the loss would l)e due t.o the forced passage under the electric 
gradient of molecular ions tlirough tlie air. It is to lie noted 
however that these figures do not indicate that tlie intensity at 
the edge of tlie corona is ■10,000 volts per cm., the suggested 
c.onstant elec'trie strengt.Ii of air, but that, it is higlun iind its 
value related to tlu; corona tliameter in the same way that the 
critical surface intensity for a solid wire is related t.o tlie diameter 

of the wire. 

Discussion and Conci.usions 

It is evident from the faet.s and e-xperiments wliiidi have lieen 
descrilicd aliovc that tlu: laws under wliich tlie I'orona appisirs 
are not yet definitely fixeii. Tliere are a good many consistent 
facts, howarver, wliieh i»ennit us to s|)eenlate as t.o the nature of 
the corona. The most eonsini-nous of these lai-ts is that the 
break-down of the air whieh is invarialily aeemni.anied liy a 
more or less vi.sible. cortnia is attended by eojiions ionization. Out 
present knowledge, of ionization of gases reveals Hire** possilik* 
sources of ions or eharged jiarticles; (a) the ions may he drawn 
from the substance of the wire or terminal itself under the (dec- 
trie inten.sity; ib) the moleeulu of the gas may l>e disrupted liy 
a separation of its two component charges liy the intensity of 
electric field in wliieh it finds itself(t) a molecule of a gas 
be ionized or sei>arated inf,o its component charges as a result 
of a collision between itself and anotlier moleeule or eharged 

particle. 

Regarding the possibility of drawing free char 
metal of tlu; tt'rminals, we have the experimental evithaice that 
the generation of ions in tlu; neighborhood of wires is independent 
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of the material of the wires and we should expect different 
figures for different materials if initial ioni^xition started in this 
way. Further it has been calculated that the electric intensity 
necessary to draw electrons from metal is of a very much higlier 
value than that at which corona begins. With reference to the 
second possible source (Z?), it has also been shown that the in¬ 
tensity necessary to separate the component charges of a molecule 
is higher considerably than the intensity at which corona begins 
at atmospheric pressure. 


There is considerable evidence that the third source of ioniza¬ 
tion mentioned above, i.e., ionization by collision, or secondary 
ionization as it is called, is that which leads to the starting of 
corona. There are always a certain number of free electrons 
or negative charges and of ions of molecular size present in tlie 
air at atmospheric pressure. These free charges have tlieir 
origin in the frequent collisions between molecules and are ex- 
tremely few in number. A single charge does not liave a long 
independent existence but when it combines with a molecule 
of opposite charge its place is taken by other charges, so that the 
average condition is that of a constant number of free cdiarged 
particles. These charged particles account for the conductivity 
of the air which may be observed by sensitive instruments. 
It is the value of this low conductivity which leads to our knowl¬ 
edge as to the number of free charges present. 

Now the electron, or corpuscle, the smallest negative charge of 
which we have knowledge, requires an intensity in the neighbor¬ 
hood of 170,000 volts per cm. in order to give it a velocity suffi¬ 
ciently great to break up a molecule with which it collides. Tlie 
corpuscle attached to a molecule, however, has a larger mass and 
consequently if it can acquire sufficient velocity it can the more 
readily break up a molecule with which it collides. These are 
the agents which are active in secondary ionization, which has 
been investigated by many physicists, notably J. J. Thomson 
Townsend and von Schweidter. The values at which this clasi 
of ionization sets in as determined by physicists working with 
continuous potentials and generally in vacuum tubes, is between 
thirty and forty thousand volts per cm. This figure is in verv 
good accord with the value at which corona sets in for wires above 

is IlTthe T® influence of temperature and pressure 

cauirftt -n> I K rr'' ^ secondary ionization is the 
cause of the initial break-down of the air and formation of corona 
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It is evident that in the formation of the corona very short 
time intervals are involved, for it begins in the close neighborhood 
of the maximum value of the intensity wave, and, within the com¬ 
paratively narrow limits already investigated, is independent 
of the frequency. It begins and ends at approximately the same 
value on the wave of intensity when the maximum intensity is 
above the critical value. If we try to picture the phenomenon 
of the starting of break down we may reason somewhat as fol¬ 
lows: In an alternating electric field the free ions of molecular 
size vibrate with increasing amplitude as the voltage arises. 
The velocity is greatest at the maximum value of voltage if as 
is probable we presuppose some retarding force. If, however, 
the ion meets nothing its amplitude will be greatest at the end 
of a half wave. We may suppose that there are always some 
ions which collide with molecules when their velocity is a maxi¬ 
mum. When with increasing voltage this maximum velocity is 
sufficient to ionize the molecule with which the ion collides secon¬ 
dary ionization sets in liberating more free ions which themselves 
become ionizing agents and a cumulative effect sets in at once 
resulting in a general state of ionization. 

The intensity (40,000 volts per cm.) at which secondary ioniza¬ 
tion sets in around large wires corresponds with the value de¬ 
duced by Russell for the discharge intensity between terminals 
of various shapes about which there can be no preceding ioniza¬ 
tion. In cases where there is antecedent ionization the effective 
terminal enlarges until the intensity at its surface falls to the 
ionizing value as is indicated by the experiments on the diameter 
of the corona described above. The value 38 to 40 kilovolts 
per cm. satisfies many of the cases of discharge which arise and 
thus offers itself as the long sought constant value of electric 
strength of air. 

There is one important case, however, which is not yet har¬ 
monized with this value, namely the case in which the radius 
of curvature of the terminal is small, the most conspicuous 
instance being the range of diameter of round wires of less than 
one cm. In these cases the apparent intensity at which ioniza¬ 
tion begins is much higher than 40,000 volts per cm. The value 
of intensity may be carried to 80,000 for small wires and there 
is not the slightest trace of ionization. To state that the air has 
a different strength near the wire than at a distance is only 
another way of stating the fact and dodges the question. As 
the diameter is decreased it becomes comparable with the space 
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separation of the free ions. There is considerable evidence that 
under normal conditions there are about 1000 of these ions per 
cubic cm. of air. This would give them an average distance of 
separation of about 1 mm. Thus as the ions vibrate near the 
wire surface they must be brought much nearer together in the 
case of a small wire. Hence there will be larger forces of repul¬ 
sion brought into play retarding or limiting the amplitude of 
vibration and thus necessitating higher values of intensity to 
overcome these forces. 

These are questions for solution by the experimental physicist 
but the field is at present practically untouched. The application 
of alternating electromotive forces to the problems of the ioniza¬ 
tion of gases has been absolutely neglected. Corona formation 
and the laws which regulate it are of the first importance for 
electrical engineers since corona is to be prevented both as 
a source of loss and an enemy of insulation. The field is replete 
with fascinating problems. Their solution however involves the 
use of methods and apparatus generally not familiar to the 
physicist. Hence it is to be hoped that this most interesting 
field will be entered more generally by experimental engineers. 

The experiments described in this paper were carried out at 
the Johns Hopkins University. The author wishes to acknowl¬ 
edge the valuable assistance of Dr. C. F. Lorenz and Mr. P. G. 
Agnew. 

Summary of Results 

The conclusions from the experiments of this paper may be 
briefly summarized as follows: 

1. A method is described which permits the determination of 
the electric strength of air near round wires within 0.5 per cent. 

2. Values of the electric strength of air near clean smooth 
wires of diameters between 0.08 cm. and 0.5 cm. have been 
determined. 

3. Temperature and pressure cause the greatest valuations in 
the electric strength of air near a given wire. 

4. At 760 mm. pressure there is a drop or rise of 0,22 per cent 
in the electric strength of air per centigrade degree rise or fall 
from 21 deg. cent. 

5. Water vapor or moisture has no influence on the electric 
strength of air. Increasing moisture content probably lessens 
the loss above the critical voltage. 

6. There is no loss through air until the critical voltage ac- 
companied^by ionization and corona is reached. 
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7. The electric strength of air is independent of the material 
of the wire or terminal. 

8. The critical voltage may be markedly lowered by dirt and 
surface impurities. This lowering may be as great as 33 per 
cent. 

9. The corona is periodic but ceases at a somewhat lower 
value on the voltage wave than that at which it begins. 

.10. The corona has high conductivity and most of the loss 
takes place beyond it. 
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DIELECTRIC STRENGTH OF OIL 


BY H. W. TOBEY 


A large part of the apparatus comprising the equipment of 
electric power transmitting systems depends, for its safe and 
successful operation, on oil. This fact continues to grow in 
importance from year to year as the size of the units in which 
it is used increases, the operating voltages become higher, and 
the conditions more severe. 

Not only must this material be of such consistency that it 
will circulate freely and so carry heat from the sources where 
it is generated to external cooling surfaces, but it must be free 
from any impurities which would injure the insulation or active 
material of which the apparatus is built; and above all, it must 
withstand voltage stresses without interruption, year in and year 
out. Failure to meet these conditions, sooner or later, means 
failure of the apparatus with which it is used. 

It is the purpose of the present paper to outline some of the 
more important characteristics of oil which fulfil these conditions 
with special reference to dielectric strength. These character¬ 
istics are exemplified throughout by curves and data which have 
been collected from the results of extensive tests and investiga¬ 
tions carried on during a number of years. 

Nature of Insulating Oils 

The oils now most commonly used for insulating purposes 
are obtained from crude petroleum by “ fractional ” distillation 
this being entirely distinct from the method known as “ crack¬ 
ing ” distillation, used for obtaining the greatest yield for burning 
oils. Fractional distillation is carried on in such a way as to 
yield a sweet, unburned residual oil, while distillates of higher 
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boiling points, after l)eing subjected to various other nianipm 
lations become what may be called insulating oils. The |)rocess 
is carried on in such a manner as to preserve tiie liydrocarbons in 
their natural form. It is probable that they are com|)osed 
chiefly of bodies having the general formula Cn + though 
without doubt they contain also bodies made up oi 

This brief description gives an idea of tlie metliod iiscnl in 
obtaining insulating oils, togetlier with their composition. Tlie 
characteristics, such as flashing and burning points, viscosity, 
etc., depend, of course, upon the limits worked to during tlie 
process of distillation and refining. The following data, 
however, indicates what ma}^ lie expected from a medium and 
from a light grade oil. 



Medium 

Liglit 

Flashing ternijeratnre. 

180'’ to UHf cent 

t;i0'’ to MO” ct‘nt 

Biirni ng terni)eratiire. 

205 to 2)0 

140 to i'io 

Cold test.. 

-10 to -15 

-If) to -20 

Specific gravity at IS.5 deg, cent.... 

().8(>5 to 0.870 

0.84.^ to 0.8r>0 

Vi.scoKity at 40 deg. cent (Saybolt test). 

100 to 110 .see. 

40 to .'>0 SVC. 

Acid, alkali, sulphur, moisture.. 

None 

None 

When free from moisture both 

have the sa 

me diek‘('tric 

strength (45,GOO to 50,000 volts, sine 

wave, l)etw( 

^eri I in. discs 

placed 2/10 in. apart.) 

The two most noticeable differences 

are in the fire 

and viscosity 

tests. The medium grade has a flashing tempe 

3 rat lire about 

50 deg. above that of the lighter oil 

and a burn ini 

^ tern]xuatlire 

about 60 deg. above. As to viscosity, a given qi 

lantity of tlie 

medium grade oil recjuires about two-and-one-half 

timers as long 

to pass through a given orifice as doef 

5 the light gra 

de, conchtion 


as to temperature, etc., of course, being the same. 

It is usually customary for reasons of design to use tlie medium 
grade in apparatus such as self-cooled transformers, for ex¬ 
ample, in which the temperature of the oil at the top, due to over¬ 
loads, etc., may reach fairly high values, the lighter grade being 
employed in apparatus such as water-cooled transformers, for 
instance, where the temperature may be more readily controlled. 
By this means the maximum possible temperature of the oil 
wall in either case, be well below the flash and burning points. 
Under these conditions, too, it would require a long time for any 
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external source of heat, such as a fire in the building, to raise 
the temperature to a point such that the oil would take fire and 
burn. Combustion would not be supported until the temperature 
had been raised above the burning point. 

Factors which cause Variation of Dielectric Strength 

In taking up the question of dielectric strength and the factors 
which cause it to vary, it will be well, in order to avoid possible 
confusion, first to mention the considerations upon which all 
remarks and tests contained in the paper are based. 

The voltage under which the oil breaks down, while under elec¬ 
tric stress, depends upon the maximum value of the electromotive 
force, not upon the square-root-of-mean-square value. This is 
a long established fact. If, however, the shape of the electro¬ 
motive force wave is not distorted during test, the ratio between 
maximum and square-root-of-mean-square values remains con¬ 
stant, and the latter may be used as a basis for measurements. This 
applies to all voltage values mentioned in the paper. The ratio 
between these two values, however, differs with every wave-shape, 
therefore, if the voltage is to be determined in the usual way 
from voltmeter readings, it is absolutely essential to have the 
shape of the e.m.f. wave well defined in order to correctly inter¬ 
pret the results. Moreover, the shape should remain the same 
throughout all tests and for all voltages. This condition ex¬ 
isted during the tests mentioned in the paper. Square-root-of- 
mean-square values are recorded throughout. 

All tests referred to here, were carried on under as nearly 
uniform conditions as possible. Sine-wave generators furnished 
the energy. Voltage variation was obtained by field control, 
in connection with series multiple windings on the low tension 
side of the testing transformer. No series resistance was used 
in the controlling system. 

According to the A. 1. E. E, standard for determining striking" 
distances in air, a non-inductive resistance of one-half ohm per volt 
should be placed in series with each terminal of the spark-gap to 
prevent surges which might occur at the time of breakdown. It 
was suggested that the same precaution might be advisable in con¬ 
nection with the tests between various shaped terminals in oil. 
This was therefore carefully tried out with a disk and needle 
point. These terminals give a straight line curve up to a com¬ 
paratively high voltage and therefore furnish a ready means of 
checking. Two sets of readings were taken, with increasing dis- 
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tances and for voltages up to 180,000. In one set, a water 
resistance adjustable to one-half ohm per volt was placed in 
series with each terminal, while in the other set, tlie traiisfornicr 
leads w^ere connected directly to the terminals without interven¬ 
ing resistance. The results were identical. All other tests 
w^ere therefore made without series resistance. 

As far as possible, tests were made of uniform duraUion, low 
voltage first being applied and increased gradually until break¬ 
down occurred, this usually requiring from five to twenty-five 
seconds depending on the magnitude of the voltage. In this 
way the question of time was largely eliminated, althougli it is 
probable that the insulating qualities of oil do not change ma¬ 
terially under continued stress. This cannot be said to hold 
true, though, during short intervals, fractions of a second, for 
example, for in such cases time has an important bearing on 
the result. 

For the sake of uniformity, the same frequency was used 
throughout, although it is believed that the variations in break¬ 
down values are comparatively small over the range of present 
commercial frequencies. 

The difficulties in carrying on an investigation of this kind 
are great, owing to the number of variables which may creep 
into the work. Even with apparently identical conditions, it 
is sometimes difficult to duplicate results. An enormous number 
of tests were therefore necessary in order to obtain relialdc 
figures. Every point used in plotting the curves reproduced in 
the paper, is the result, not of one test, but of a great many, 
from which an average was taken. 

Shape of Terminals 

The disruptive strength of oil depends to a large ex¬ 
tent on the shape of terminals between which it is tested. 
For the sake of comparison, assume a uniform grade of oil 
which is clean and free from moisture. The voltage necessary 
to break through a given distance between two spheres is less 
than between two disks. That required to disrupt the oil be¬ 
tween needle points is less than between two spheres, etc. 

The reason for this is at once apparent from diagrams, Figs. 

1 to 5. By referring to these and to the curves, Fig. 6, it will 
be seen that the shapes of terminals which cause the lowest 
breakdown values, are those which allow the greatest concen¬ 
tration of electric stress at one or both terminals. In other 
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words, the terminal is surrounded by a zone of oil across which the 
stress is greater than in the next succeeding zone. The oil in 
the former is strained beyond its strength and breaks down. 
As soon, as this occurs the stress is transferred to the next zone 
and this breaks, and so on across the entire gap. In actual 
practice, of course, these ruptures occur in such rapid succession 
that they are virtually simultaneous. 

When the distribution of flux is perfectly uniform, as for exam- 



Fig. 3—Electrostatic field between 
needle paints 


pie, between large disks placed near together, the average and 
maximum densities are the same. This no longer holds where 
the lieltl is distorted, for in this case the stress across one section 
of the gap, as already indicated, may be very much greater than 
across the remainder. The distances between terminals may have 
been exactly the same, yet the second gap will break down at 
lower voltage because the oil in one section of it was strained 
beyond its breakdown point. This condition is illustrated in the 
diagrams, Fig. 1 to 5, which were drawn by first plotting the 
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equipotential lines and afterwards filling in the lines of force, 
the latter of course being normal to the former at every intei-- 
section. The accuracy of the lines was checked in a somewliat 
novel manner, as follows: 

It is well known that the laws governing the distribution of 
magnetic fields of force are in many respects the same as those 
governing electrostatic fields. Iron terminals were tlierefore 
produced, resembling those shown in Figs, 1 to 5. Tlucse were 
placed, two at a time, on a plane of paper over the |)oles (»f an 
electro-magnet, and iron filings sprinkled onto t.lie |)a|)er. Tlie 
arrangement of the filings both as to direction and concentra¬ 
tion, gave a very clear conception of the distribution of an tJec- 
trostatic field of force between similar terminals in oil. 

Again, referring to the curves, Fig. (i, attention slionld ])c called 



Fig. 4—Electrostatic field between 
disk and needle points 


Fig, 5—Electrostatic field between 
hollow hemisphere and iieetlle } >oints 


to the fact that the size of each pair of terminals was the same 
throughout tlie range of voltage covered. Tliis means that the 
distribution of the lines of force in the electrostatic field changed 
slightly with each setting. In order to determine definitcdy 
therefore, the effect of shape of terminal on the breakdown 
strength of oil for a definite distribution of flux, it would be 
necessary to use many different sizes so that the dimensions of 
the terminals would bear a definite relation to the length of gap. 
The only curve which would not be affected, would be the one 
referred to needle points. The distribution of the lines of force 
in this case would be the same for all distances, unless perhaps 
the rounded shape of the points would have an effect at extremely 
small distances, small fractions of an inch, for example. 
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Oil Testing Apparatus 

The two standards now most commonly used for oil testing 
are composed of pairs of terminals of definite shape, arranged in 
a suitable receptacle for holding the oil. 

In one of these, the testing terminals consist of | in. diameter 
brass balls fastened to 3/16-in. rods. These are placed verti¬ 
cally in a glass tube and arranged so that they may be adjusted 
for different distances, 0.15-in. usually being considered standard. 
Average dry oil should not break down at less than 30,000 volts.^ 

The other of the two mentioned standards is composed of 
two J-in. brass disks, mounted on f-in. rods and arranged hori- 



Fig 6—Disruptive voltage of dry oil measured between variously 

shaped terminals 


zontally in a receptacle for holding the oil. The disks may 
be adjusted for different distances although, 2/10-in. has been 
adopted as standard. Dry oil should not break down in this 
at less than 45,000 to 50,000 volts, with a sine-wave e.m.f. 

The disk form of gap was employed in making the various 
tests mentioned in the paper. It was preferred because of its 
uniform electrostatic field, and also on account of the fairly 
large amount of oil which would be subjected to test. 

* Articles by C. E. Skinner, on “ Transformer Oil,” Electric Journal, 
May, 1904; and by S. M. Kintner on “ The Testing of Transformer Oil,’" 
Electric Journal, October, 1906. 
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Particles of moisture or other impurities could be detected 
over a considerable area. 

Effect of Temperature 

The dielectric strength of oil does not vary greatly with 
moderate changes in temperature. One sample tested, for 
example, stood an average of 52,000 volts at 60 deg. 
cent, before breaking, and 45,500 or only 10 per cent less, at 
20 deg. cent., while at slightly above zero its value had dropped 
only to 44,000 volts. 

Upon congealing, however, as the temperature drops below 



Fig. 7—Effect of temperature on dielectric strength 


the freezing point of the oil, the dielectric strength increases 

with great rapidity, in some cases reaching a value 60 to SO per 

cent higher than that just before the freezing point was passed 

In the example just referred to, the dielectric strength rose to 

approximately 77,000 volts, or an increase above 44,000 of 75 per 
cent. ’ ^ 

On heating, the strength drops to the value it had just before 
freezing, although it is usually necessary to raise the temperature 
considerably above the freezing point before this occurs. In 
other words, changes in strength lag behind changes in temper- 
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ature. Continued heating will finally restore the dielectric 
strength to its initial value. The accompanying curve, Fig. 
7, indicates the cycles through which these changes take place. 
This may be considered typical for one kind of oil. The values 
for other kinds are quite likely to vary considerably from those 
shown by this curve, but the manner in which the changes occur 
are much the same. 

It should be explained that the solid part of the curve was 
plotted from actual test values, also the beginning and end of 
the dotted portion. The path followed by the dotted part 
indicates what may be expected to occur during the first part 
of the cycle. (As no refrigerating machine was available, it 
was necessary to make the tests last winter, and but a limited 
number of points could be obtained.) 

Effect of Moisture 

Oil, as far as dielectric strength is concerned is extremely 
sensitive to moisture. As already stated, even the - slight¬ 
est amount is detrimental. It is therefore, of the greatest 
importance not only to remove every trace before putting the 
oil into service, but also to maintain this condition of dryness 
under continued operation. 

The accompanying curves, Figs. 8 and 9, still further emphasize 
these facts, indicating, as they do, the reduction in dielectric 
strength for gradually increasing percentages of moisture. 
The first was plotted from results of tests on a medium grade 
and the second from tests on a light grade oil. 

It is often difficult to determine how moisture can be taken up 
by oil contained in apparatus having fairly tight covers, yet this 
frequently happens, nevertheless. Some of the moisture may 
settle to the bottom, where it can be gotten rid of by simply 
drawing off a limited quantity of oil. A certain percentage 
on the other hand, will be retained and kept in circulation. The 
percentage which maybe safely allowed naturally depends to some 
extent on the voltage of the apparatus, but that this amount 
must be extremely small is apparent from the curves j.ust men¬ 
tioned. Even 3/100 of one per cent, reduces the dielectric 
strength to three-quarters. (This means but five or six drops 
of water per quart of oil.) With the addition of 1/100 of one 
per cent of moisture, the strength is reduced to one-half. 

It is evident from the above that the importance of dry oil 
cannot be over estimated. The apparatus into which it is to be 
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placed, including the interior surface of the tanks, should be 
thoroughly dried, and not only should the oil be tested for di¬ 
electric strength before it is put into service, but at stated 
periods afterwards, as well. Oil found below the desired value 
should be dried or replaced with new. 

As to the various methods which have been used for detecting 
moisture, the following may be mentioned: 

A quantity of oil may be placed in a tank and allowed to settle 
for a week or ten days, at the end of which time a sample may 
be taken from the bottom with a glass tube, or a thief. If 
much water is present, the eye will readily detect it. 



Fig. S—Influence of moisture on Pig. 9—Influence of moisture 

dielectric strength of oil of on dielectric strength of 

medium viscosity light oji 


A piece of cold glass plate may be held over a sample and the 

latter heated to the boiling point of water. Any moisture 
driven off will be condensed on the plate. ' “O'sture 

^ Anhydrous copper sulphate is sometimes used, a small quan- 

If it contains moisture 

m any considerable quantity, a slightly blueish color will result 
_ StiU another method is to thrust a red hot nail or piece of wire 
a sample of oil. A crackling noise will be heard if moisture 
IS present. If dry. there will simply be a puff of smoke. 

A similar test can be made by placing a sample of oil in a 
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small porcelain dish, and heating it over a flame. If moisture 
is present a sharp crackling noise will result, much the same as 
with the hot nail or wire just referred to. 

Of all the methods which have been used, however, the 
dielectric strength test is the most satisfactory and reliable. 
Moreover, it is extremely sensitive so that even the smallest 
percentage of moisture may be detected. 

This last method is the only one which can be recommended 
as being absolutely sure. The one mentioned just before this, 
i. e., heating the oil in a porcelain dish is the next most reliable, 
but even this is not certain. (A number of tests were made on 
various samples to determine the accuracy of this method, and 
not more than 60 per cent of the results were correct. It may 
be of value, occasionally, however, when no high voltage testing 
outfit is available). The hot wire method wmuld come in the 
same class. 

The other tests mentioned are only of service when large quan¬ 
tities of moisture are present. Otherwise, they are not reliable. 

Methods of Drying and Filtering Oil 

In view of the importance of dry oil, many methods for re¬ 
moving moisture have been devised. Some of these are suit¬ 
able for laboratory only, and are not practical for commercial 
purposes. Others are quite satisfactory for use in the shop 
and testing department, but on account of the expensive ap¬ 
paratus required, cannot well be employed for installation work 
or in connection with any but the largest power plants. Still 
other methods have been tried out and then laid aside, either 
on account of cost of operation or length of time required for 
treatment. As a result, there are but few methods which are 
of much service commercially. It may be well, however, to 
mention all, some briefly, others at greater length, depending 
upon their importance. The following will be considered. 

Drying by means of: 

(1) Chemicals, 

(2) Heat, 

(3) Heat and vacuum, 

(4) Heat and air, 

(5) Settling, 

(6) Centrifugal separators, 

(7) Paper filters, 

(8) Miscellaneous. 
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It should be noted here that the first five methods mentioned 
above, are suitable only for removing moisture, and do not 
remove dirt or other foreign matter. The next two in the list 
purify as well as dry. Sometimes one method, sometimes a 
combination of several methods have been used successfully. 

Chemicals. Of the various chemicals used for dehydrating 
oil, calcium chloride has given the most satisfactory results, 
although calcium oxide, (unslacked lime) is also used exten¬ 
sively and gives good results. Calcium carbide and metallic 
sodium, as well as other agents have been tried with varying 
degrees of success. 

The accompanying curves, Fig. 10, indicate the comparative 



Fig. 10— Effectiveness of oil drying material 
Calcium chloride, Ca C/g; Metallic sodium, Na; Unslaked lime, Ca O; Calcium carbide, CaCa 

rates at which these materials remove moisture from oil. It 
will be noted that calcium chloride required seventy hours; 
metallic sodium 115; calcium oxide 165; and calcium carbide 
260 hours, to bring the oil from a dielectric strength of 7,000 
volts up to 30,000. (Tests made between J-in. disks placed 
2/10-in. apart.) 

The tests were made first by mixing a small amount of water 
with a quantity of oil, separating into four parts and adding 
respectively the four drying agents; six per cent by weight in 
each case. The drying materials were chemically pure, and in 
order to expose the same surface to the oil, they were broken 
up into about J-in. lumps. The samples were thoroughly shaken 
and allowed to stand 24 hours after which they were tested. 
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The process of shaking, allowing to stand, testing, etc., was 
repeated every 24 hours, until the oil had returned to its initial 
dielectric strength. 

Calcium chloride required the least time of all. 

Metallic sodium came next in order of time. Its use, however, 
is considered dangerous, inasmuch as it unites with water to 
form hydrogen and caustic soda, and if a large quantity of water 
is present the reaction might cause sufficient heat to ignite the 
hydrogen. Moreover, the caustic soda formed dissolves in oil 
and tends to soften insulating materials, such as varnish or gum 
compounds. 

Calcium oxide required still longer time to absorb the moisture 
as was also the case with calcium carbide. The latter also has 
the disadvantage that it gives off a highly inflammable gas, 
acetylene, when it comes in contact with water. 

Continuing the subject of calcium chloride as a dryer, it may 
be of interest to mention the results of several tests made to 
determine the best method of utilizing such material for re¬ 
moving moisture from oil in transformer tanks, when the natural 
circulation of the oil alone is relied upon for bringing all portions 
in contact with the calcium. 

Three tests were made, the oil in each instance being placed 
in a fairly large sized tank, and maintained at a temperature 
of about 80 deg. cent, by means of a wire-coil rheostat at the 
bottom. One per cent of water was added to the oil and 
thoroughly mixed with it for each of the three trials. In the 
first trial no calcium chloride was used, the test being made to 
determine the length of time required to bring the oil back to 
a given dielectric strength by settling only. In the second trial, 
a quantity of calcium chloride was placed at the bottom of the 
tank, and for the third trial the chloride was placed in a perforated 
metal tube, suspended in the tank midway between the top and 
the bottom. 

At the beginning of each trial, the oil measured approximately 
7,000 volts, (tested between J-in. disks, placed 2/10-in. apart.) 
The runs were continued until the oil at the top of the tank 
reached a strength of 50,000 volts, (that at the middle measured 
45,000 volts, or over.) Ten days were required in the first in¬ 
stance, four in the second and two in the third. The most effec 
tive method used therefore, was that in which the chloride was 
suspended in the center of the tank. Whenever this method is 
used, however, care must be taken to provide a suitable recep- 
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tacle for collecting the water and wet chloride, and yet allow 
free contact between the fresh chloride and the oil. 

A method which gives still better results as regard time re¬ 
quired, is one which provides for the forcing of oil through a 
receptacle containing calcium chloride or calcium oxide, (un¬ 
slacked lime.) The quantity of oil which can be dried per hour 
is thus greatly increased. It is usual in connection with this 
treatment, to complete the process by forcing the oil through 
dry sand. This removes all traces of dirt and foreign material 
and prevents any particles of lime which may be held in suspen¬ 
sion, from passing through into the receiving reservoir. Bone 
black or Fuller’s earth are sometimes used in connection with 
this process, in case it is desired to remove coloring matter 
from the oil as well as other impurities.* 

Heat. Heat is frequently employed for removing moisture. 
It is sometimes applied to the outside of the receptacle con¬ 
taining the oil, and in other cases is introduced by means of 
steam coils or an electric heater. The last mentioned arrange¬ 
ment is preferable, and is usually more convenient. In all 
cases the temperature maintained is about 105 deg., or, in other 
words, slightly above the boiling point of water. 

This process at best is slow. It must be watched with great 
care, and there is always the danger of injuring the oil from 
over-heating. Long continued overheating will cause a deposit 
to be thrown down and is also liable to change the nature of the 
oil by driving off some of the lighter hydrocarbons. 

Heat and Vacuum. The danger of the overheating mentioned 
above may be practically overcome by removing the air pressure 
from the drying receptacle and employing heat as before. The 
reason for this is that water boils at much lower temperature in 
vacuum than ordinary air pressure. Thus, in a 27-m. vacuum, 
boiling occurs at 46 deg.; in a 28-in. vacuum at 38 deg., and in a 
29-in vacuum at 25 deg, cent., etc. 

This process may be still further facilitated by allowing dry 
air to bubble slowly through the oil. The air may be readily 
freed from moisture by first passing it through some dehydrating 
substance, such as calcium chloride or unslacked lime. 

Heat and Air. Perfectly dry air has also been used to advan¬ 
tage. This may be forced through numerous openings at the 
bottom of the tank and allowed to bubble up to the surface. 

* Article by S. M. Kintner, “The Treating of Transformer Oil,” 
Electric Journal, October, 1906. 
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The oil in the containing tank may, or may not, he heated, 
although heating naturally facilitates the operation. The air 
may be dried by passing it through calcium chloride or other 
drying agents. 

Instead of using air alone, the air and vacuum process may 
be employed, as outlined at the end of the preceding paragraph. 

Settling. When oil contains a large quantity of water it may 
be gotten rid of almost entirely by allowing it to stand for some 
time undisturbed. The water as well as some of the impurities 
gradually settle to the bottom, leaving a dry oil to be drawn off 
from the top. The process usually requires a number of days, 
and herein lies the greatest difficulty in its use. 

Centrifugal Separation. The different specific gravities of oil 
and water make it possible to separate the two by centrifugal 
action. It is eKtremely difficult to remove all of the moisture 
by this means, but it serves a good purpose in taking out a con¬ 
siderable portion of it when the oil is extremely damp. The 
remainder, however, may be removed by means of a filter within 
the upper part of the machine, so that virtually both steps in 
the process take place at the same time. The operation may 
be accomplished by a standard cream separator like the De 
Laval. The damp oil is fed into the top and passes down into the 
center of the rapidly revolving element. The centrifugal action 
forces the water, which is the heavier of the two, toward the outer 
casing, where it may be drawn off like skim milk. The oil, like 
the cream, passes into a central chamber and then up through 
sheets of filtering material into a receiving reservoir, from which 
it may be drawn off for use. During the first part of the opera¬ 
tion, all but about one-tenth of one per cent of moisture may 
be removed, while the small amount remaining, is taken out 
by the filter. 

Damp oil has in this way been raised in dielectric strength to 
a value of between 40,000 and 45,000 volts, (measured be¬ 
tween J-m* <iiscs, placed 2/10-in. apart.) 

With a medium sized machine it is possible to dry and 
clarify from 50 to 60 gallons per hour, provided the oil is not in 
too poor condition to start with. 

Paper Filters. It has been known for some time that ordinary 
filter paper, such as is used in chemical laboratories will allow 
oil to pass slowly through it, but will not allow water to pass. 
This principle has recently been employed on a larger scale in 
what is known as an oil dryer and purifier. This piece of ap- 
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paratus consists of a press for holding the paper, a pressure pump 
and an operating motor, together with necessary piping, valves, 
gauges, etc. 

The most interesting part of the outfit is made up of a number 
of alternate grids, and chambers arranged in such a way that 
square sheets of blotting paper may be placed between them and 
the entire device bolted together. By means of suitable channels 
the oil from the pressure pump is led into the chambers, forced 
through the blotting paper and finally discharged into the re¬ 
ceiving tank. The blotting paper allows the oil to pass, but 
retains all moisture and impurities thus raising the dielectric 
strength to values as high as 60,000 to 70,000 volts, (measured 
between J-in. disks, placed 2/10-in. apart.) 

With a moderate sized press, 600 gallons of medium grade 



Fig. 11—Oil drier and purifier 


oil may be treated per hour, and twice this amount of light oil, 
it merely being necessary to replace the blotting paper occa¬ 
sionally, once every half-hour to an hour is sufficient with oil in 
fair condition. 

Not only can such an outfit be used for first drying and puri- 
fying oil before it is introduced into high voltage transformers 
but it may also be employed from time to time while the trans¬ 
formers are in operation. In such cases the oil is taken 
from the bottom of the transformer tank, forced through the 
filter press and back into the transformer at the top of the tank, 
this process, of course, being continued until the oil reaches the 
desired dielectric strength. 

The general construction of the outfit is shown in Fig. 11. 

Miscellaneous Methods. Capillary action has been made use 
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of to some extent in freeing moisture from oil, also electrostatic 
force. Sponges have been tried and found to give fairly good 
results. The expense however is prohibitive, as only the very 
best grade of sponges are at all suitable. For removing impurities 
sand gives excellent results. Cheesecloth is also frequently 
used. 

Presence of Sulphur and Paraffine 

While the presence of free sulphur has an effect on the di¬ 
electric strength of oil, the greatest danger lies in the fact that 
even in minute quantities it vigorously attacks the copper. 

In time, conductors have been known to be completely severed 
on account of sulphur alone. It may be detected very readily 
by dipping a small polished wire into the oil, which has previously 
been heated, and allowing it to remain until it becomes black. 
The time required for this to occur may be judged from the fol¬ 
lowing table, which is made up from results of tests on oil heated 
to 85 deg. cent. 


Per cent Time required to blacken copper 

sulphur wire 


1/10 of 1 per cent. 2 to 3 minutes 

1/100 of 1 per cent. 30 minutes 

1/1000 of 1 per cent.15 to 20 hours 

1/10000 of 1 per cent.Uncertain 


In some oils small amounts of sulphur exist in very strong 
chemical combination. These however, have not been proved 
to be deleterious, probably because the combination is so strong 
that it is difficult to break it up. 

As to paraffine, there must be freedom from solid material 
of this kind in solution; otherwise, particularly in water-cooled 
apparatus, it might be frozen out of solution and result in clog¬ 
ging of the oil ducts. 

Insulation Resistance as an Indication of Dielectric 

Strength 

It has sometimes been thought that insulation resistance of 
oil is an indication of its dielectric strength. The accompanying 
curve Fig. 12 will show that this is by no means always the case, 
unless temperature is also taken into consideration. It in¬ 
dicates what is experienced every day in heating transformers. 
With increase in temperature the insulation resistance falls 
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very rapidly, while the dielectric strength of the oil gradually 
increases until conditions become constant. 

If moisture is pi'esent, in a transformer, for example, the in¬ 
sulation resistance may drop to a very low value when the oil 
is heated, and then rise for a time as the last traces of moisture 
are driven off. 

It is only safe to assume that everything is dry when the in¬ 
sulation resistance becomes constant and remains so for several 
hours. Even this final value, though, may be far below that 
obtained when the oil was cold. 



Fig. 12—Variation of dielectric strength and insulation resistance 

with temperature 


Summary 

Having first laid down the conditions which an insulating 
material must fulfil in order to give satisfactory results, we have 
shown that oil best meets these provided it is used within de¬ 
finite limits. The limits have been found only after making 
a careful study of the more important characteristics, and it has 
only been by a systematic investigation of the chemical and 
physical properties that oil has gradually been made to attain 
. its present state of superiority. It fulfils the ideal conditions so 
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well that it is almost universally used in spite of the fact that it 
requires unusual care in its treatment and handling. 

It is hoped that the paper will aid in giving a clearer under¬ 
standing of the various properties, not only that such treatment 
and handling may be made comparatively simple, but also to 
assist in the selection of oil and its use. 

In closing, the writer wishes to acknowledge the valuable 
assistance received from Dr. C. P. Stein me tz, Mr. A. B. Hend¬ 
ricks, Jr., and Mr. J. A. Capp, all of whom have taken an 
active interest in the tests, experimental work and study of the 
results. 
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Discussion on Disruptive Strength with Transient 
Voltages '' The Electric Strength oe Air and 
'' Dielectric Strength of Oil Jefferson, N. H., 
June 29, 1910. 

D. B. Rushmore : Mr. Whitehead in his paper says something 
which is perhaps more true than many people realize: As 

a result of the increase in values of transmission voltage, how¬ 
ever, and of improvements in high voltage apparatus and^ line 
insulators, the electric strength of air has become a limiting 
factor in the long distance transmission of power.It is only 
of a very recent period that this has been true. It is, however, 
of great interest and import. In the somewhat old problem of 
transmitting power, one obstacle after another has been 
overcome until at present we are confronted with the effect of 
the insulating properties of air, and what action will be taken 
with regard to overcoming the obstacles presented by it is a 
question of much importance at the present time. Until very 
recently, line insulators were the limiting feature, and at 60,000 
volts the standard form of insulator was operating near its 
limitations. With the new suspension insulators, however, the 
line can be insulated far beyond the point at which the dielectric 
strength of air will stand. The question of altitude in trans¬ 
mission lines is also becoming important, because of the lower 
dielectric strength of air at the higher altitudes. The physical 
phenomena which take place when corona has formed are 
extremely interesting, and a considerable number of points arise 
in connection with it. For instance, it is not quite clear without 
fuller understanding, why corona should cease to be formed 
by the lower voltages than that at which it begins. 

The phenomena described in the paper are those which are of 
immediate interest to many members of the Institute. To take 
an example, a line which was to operate at 60,000 volts had 
the design of the insulators carefully worked out so that they 
would always flash over before puncturing. A number of times, 
however, lightning punctured these insulators and the dielectric 
time-lag of air was used to explain the occurrence. Also many 
operating engineers are familiar with the slight blackening of the 
bright copper wires in their stations, due to the effect of corona 
formation. 

The problem of how best to perform experiments of this 
kind is a difficult one. We all like to see the conditions sur¬ 
rounding such investigations as nearly as possible like those 
under which the application of the results will be made, such as 
the interesting work carried on by Mr. Mershon some years 
ago on outside commercial lines. It is, however,-extremely 
difficult to obtain exact data in this way, and it would seem that 
the basis for our engineering recommendations must to a large 
extent be the result of experiments carried on in the Laboratory. 
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The I'elatlon of power or energy to breakdown or ionization 
is not clear, and the effect of frequency on such dielectric failure 
still remains a subject for discussion. The point most deserving 
of attention is that the future progress of the art depends very 
largely on the results of the study of the properties of dielectrics. 
The characteristics of this class of material bring about the 
limiting features in high voltage power transmission. 

V. Karapetoff: Those familiar with the history of the theory 
of elasticity and of the mechanical strength of materials will 
find it quite similar to the history of practical electro-statics. 
During the early stages of the development of civil engineering 
the engineers who needed to know the strength of columns, 
bridges, etc., tested them in their actual complicated shapes. 
The result, therefore, did not characterize the materials, but 
only certain objects of definite dimensions made out of these 
materials. Knowing the strength of a column or of a beam of 
a certain size, it was not possible to predict the strength of a 
column or of a beam of a different cross-section and of a dif¬ 
ferent length. Then, gradually, a theory of resistance of mater¬ 
ials was developed and formulae established into which the 
elastic coefficient of a material, the dimensions of an object made 
out of this material, and the given forces entered as independent 
factors. The next stage in the theory was to combine various 
stresses and to combine the resultant strains. In most struc- 
tui*es and parts of machines there is usually more than one set 
of stresses (for instance a normal stress and a shear), and un¬ 
fortunately stresses are combined according to a different law 
than the resulting strains. Finally the fact became clear that 
it is the resulting strain and not the stress that limits the sate load 
of a piece of material—I am speaking of mechanical strength 
now—no matter by what combination of stresses the strain is 
produced. As the last step, the theory was extended to include 
the action of dynamic loads or what we call in electrical engi¬ 
neering transient loads. In bridges, in reciprocating engines, 
and in the many other cases loads are not steady, 
inittent; kinetic energy and inertia enter therefore as distu b g 

similar development took place in applied electrostatics. 
Our predecessors started with a theory of charges a 

distance. Naturally, with such a wrong 

progress was made; because the phenomena take place m tne 
dielectric and not on metallic surfaces. pnrrect 

After Faraday and Maxwell had cleared thW^it haTte- 
• .^..^„i.„l.„tion of electrostatic phenomena, and after it naa oe 

??m?n“ engineers t? take into -o^^ 

streneth of materials, a new impetus was given to etectrosmuc 

cxnSents' B ut as in the case of early expennaents on columns, 
expeiimcnts. cuu a ^ ^ engineers still use electrodes 



1210 


DIELECTRIC STRENGTH 


[June 29 


ing, for instance, the striking distance between two pointed 
electrodes, it is impossible to calculate the striking distance 
between electrodes of a different shape, or to determine the 
critical voltage with the same electrodes at a different distance. 
The question is, however, being gradually put on a more ra¬ 
tional basis; it is at present clearly understood by physicists 
and by many engineers that the striking distance per centi¬ 
meter of air-gap between needle points really does not mean 
much, as regards the dielectric strength of air. Experiments 
must be preferably made on large (practically infinite) parallel 
plates, in which case the stress in the dielectric is the same at all 
points. Or, else, electrodes must be used of such a shape 
that the true strains (critical dielectric flux density) can be 
calculated from the striking distance. Concentric cylinders 
are convenient for the purpose. 

I wish to refer to the sketches Figs. 1, 2 and 3 of Mr. Tobey’s 
paper, which illustrate my point. The sketches show the dif¬ 
ference between a uniform dielectric field in the case of parallel 
plates, and non-uniform fields in the case of sharp points on 
spheres. 

In a non-uniform electrostatic field it is necessary to consider 
the actual stresses from point to point, because the air is not 
broken down simultaneously at all points. It is possible to 
break down certain portions of the air nearest to the electrodes, 
to ionize it, to make it a conductor, without producing a jump- 
spark. The air so ionized becomes a part of the electrode, so 
that the break-down finally occurs between new shapes of elec¬ 
trodes. This leads to the consideration of the quantity usually 
called the electrostatic capacity between two electrodes, but 
which ought to be more properly called the permittance of the 
dielectric. By using proper values of permittance and “ per¬ 
mittivity of the dielectric, calculations of the dielectric strength 
of insulation are put on the same scientific bases as calculations 
of conductors of non-cylindrical shapes. 

At present we are not yet advanced far enough to be able to 
calculate the distribution of electrostatic stresses in all cases, 
but in the simplest cases, for instance, such as is presented by 
Dr. Whitehead, or in the case of two spheres, it is possible to 
calculate the actual stresses and their distribution. It is not 
the average strength of the air, considered as a mass, that in¬ 
terests the engineer, but the weakest point at which the air 
breaks down.^ The safety of insulation must be considered with 
regard to this weakest point, the same as the civil engineer 
figures out the factor of safety of the weakest part in his bridge. 
And fortunately the electrical problem is simpler than the cor¬ 
responding. problem in the theory of elasticity, because there 
we have two kinds of stresses, normal stress and shear, while in 
dielectrics there is but one kind of stress. I do not know what 
kind it is; perhaps it is some kind of shear between positive and 
negative electricity; at any rate we have to consider only one 
kind of stress. 
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Now we come to the last stage, the same as civil engineers 
had to face, namely, the effect of dynamic loads, of transient 
voltages. The paper by Mr. Hayden and Dr. Steinmetz 
represents the results of a pioneer investigation in this held. 
Let us consider their experiments in the light of a mechanical 
analogy, that of an elastic rod or a column suddenly subjected 
to a normal stress by a released weight. Is it correct to say 
that the weight is instantly balanced to its full extent by elastic 
forces in the rod? To me such an assumption contradicts the 
laws of mechanics of elastic bodies. 


In order to produce an elastic reaction a strain or a deforma¬ 
tion must hrst occur in the rod. The rod can resist only (1) 
as the result of such a strain (elasticity), or (2) by opposing an 
acceleration of its parts (inertia). In the case under con¬ 
sideration there is no initial strain in the rod, and in order to 
produce it parts of the rod must be accelerated layer by layer. 
At the very hrst instant the load is balanced by a very high 
acceleration of a very small part of the mass of the rod ad¬ 
jacent to it; then the next layers are accelerated so that we get 
the effect of a travelling compression wave. Onty after a certain 
displacement has taken place the load is balanced in part or in 
full by the elastic forces. Hence this paradox that wdth a very 
short application of the weight, that corresponds to our transient 
voltage, the column or the rod can seemingly support without 
being destroyed a heavier load than with a load applied gradu¬ 
ally. Is it not more logical to suppose that the molecular strain, 
the actual strain at which the material breaks down, is the same 
in both cases? Only in the case of a transient application a part 
of the load is balanced by the acceleration of the mass and has 
no time to produce elastic stresses, before the load is removed. 

It seems to me that the results obtained by Mr. Hayden and 
Dr. Steinmetz must be interpreted in the same light. I cannot 
conceive how a voltage of say 100 kilovolts can be applied sud¬ 
denly to a neutral dielectric, that is to say to a dielectric which 
is not strained. The action must be epual to the reaction, and 
a dielectric which is not strained can produce no electrostatic 
reaction. It can react only electromagnetically, by means of 
displacement currents in it, or in the other parts of the circuit. 
I am willing to grant that the voltage calculated by the authors 
was actually induced in the high-tension windinp of the trans¬ 
former, but it does not follow from this that at the very instant 
of the closure of the primary switch this full voltage acted across 
the air-gap, producing static stresses in the dielectnc. J^he e ec- 
tromagnetic inertia effects are predominant at the hrst instant. 

The slope of the voltage wave is very steep at the first instant, 
therefore, even a very small magnetic leakage between the two 
windings of the transformer, a leakage negligible with ordinary 
frequencies, must have produced an enormous counter-electro¬ 
motive force. I am inclined to think that at the first instant 
the voltage between the electrodes was practically equal to 
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zero. The unstrained dielectric acted as a short-circuit, and the 
applied voltage was balanced by the reactance counter e.m.f. 
We must remember that the rush of current at the first instant 
is tremendous, in order to produce the required displacement in 
the dielectric. There could have been also a considerable mag¬ 
netic field in the dielectric proper. We have in reality a much 
more complicated phenomenon, electromagnetic as well as electro¬ 
static, than it appears on the surface. It is hardly scientific 
to say that we simply have 100 kilovolts momentarily applied 
to air or oil, and that momentarily these dielectrics can support 
more than with a steady application of the voltage. 

We must be particularly careful now, when we just begin to 
understand the full meaning of these phenomena, not to describe 
them in a ''short-hand ” way, but to specify carefully the 
actual physical relations. Without this precaution, busy practi¬ 
tioners are only too prone to misunderstand the results, and to 
apply them in cases for which they were not intended at all. 

Percy H._ Thomas: Professor Whitehead’s paper suggests 
many questions that I presume he is not in position to answer 

as yet, but there are a few points which I think would 
clear up some matters. 


^^^o^^ssor Whitehead has apparently made a very desirable 
advance in having devised a method for the study of corona 
^Ihed phenomena in which he can eliminate all variables 
which he does not control. His tests, being laboratory tests, 
and made under somewhat limited conditions, do not tell us 
everything about corona, but apparently he has succeeded in con- 
trolliiig all the variables actually present in his tests, so that he 
can absolutely reproduce his results on different days and under 
quite different circumstances. With such a result realized, it 

is possible to add another known variable, and get its effect 
and so on step by step. ’ 

I ask Dr. Whitehead if he will tell us something concerning 
the electrical conditions at the ends of his tube. 

I would ask Dr. Whitehead if it is possible that the peculiar 

“ gluing the apparently high dielectric 

near the surface of the 
strain IS changing rapidly. That is, the volume 
of air that IS subjected to the maximum stress is very much 
more hmite^d ^an where the wire is larger; the potential gradient 
being much sharper in the case of the Small rods. 

would ask whether the air which passes through the tube 
coining from the wire at the time of the formation of raroS ic 
ionized in the sense that there are positive and negative charges 
therein _ equally b^anced, or whether it comes away with^ a 

Ind irs^^hfchP^'^Al predominant negative charge, 

than air ’ ^ ^ ^ whether he has tried any other gases 


Another point, in the visual observation of the 
oscillographs, has he observed both positive and 


corona through 
negative waves, 
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direction being taken with reference to the test wire—that is, 
were observations made with the positive potential on the inner 
wire or the negative potential on the inner wire, or with both? 
If so did any difference appear? 

One other question—I would ask how the actual arc, that 
is, the complete break down, follows after the ionization first 
begins, that is how wide a range of voltage, for example, exists 
between the point where you can first observe a rapid dropping 
of the electroscope, and formation of the actual arc. 

A.E.Kennelly In regard to one particular point in these very 
interesting papers, Dr. Whitehead emphasizes the fact the elec¬ 
tric intensity at which disruption appears is greater for small 
wires than for large wires. A suggestion for the reason of this 
remarkable phenomenon may be offered tentatively. We know, 
referring to the properties of the magnetic field for a moment, 
that a small magnetically polarized iron particle, or iron filing, 
is not acted upon by any magnetic force of translation—any 
bodily moving force—when subjected to a uniform magnetic 
field, or a magnetic flux distribution acting in parallel straight 
lines. There are forces of rotation, couples, or torques, but 
no forces of translation. When, however, the magnetic field 
is not uniform but divergent, the iron filings are subjected to 
translatory forces as well as couples, and are pulled bodily 
towards the denser parts of the field. This effect may roughly 
be described by saying that the magnetic pull, in the denser 
part of the field, on the attracted pole, is less than the opposing 
push, in the weaker part, of the field on the repelled pole. ^ In 
fact, we know that the pull of a divergent field 5C upon a spherical 
iron particle or spherical iron filing depends upon the product 

5C . where —r- is the greatest space rate of change of the 

as as 

field. ^ ^ 

Now returning to the electric field, if we may assume that a 
molecule of gas subjected to an electric field is polarized, thereby, 
then the molecule will be subjected to a couple or aligning force; 
but if the electric field is uniform, there will be no pull, or force 
of translation, on the molecule. If, however, the field is con¬ 
vergent, a force of translation will exist as well as the couple, 
and the molecule will be pulled towards the denser 
field. In the case of an electrified round wire, the field wnl be 
radially divergent from its surface, and the divergence will be 
numerically greater, the smaller the wire’s diameter. We 
should, therefore, expect air-molecules to be drawn in towards 
the surface of the wire, and to crowd together near that surface, 
just as though the atmospheric pressure were locally increased 
in this vicinity. If such a local increase of air-density occurred 
around and near the surface of a wire, the electric intensity 
required to produce disruption should be increased, as it in¬ 
creases with the atmospheric pressure, and the increase should 
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connection with tlJ?2Mnd°nL^A “ 

quoted with moist air are apoLentTv results 

tain other measuremery+= 1 I *sagreement with cer- 

bethatmSr asTe ?nd S ^ay it not 

trie nucleii due to the nartial rA^ open, at times contains elec- 

have occurreTSound S-i condensations that 

air, at such times is realiv nucleii, and hence the moist 

experiments that were outlined^tlTe conducting, whereas in the 

air in such a way that ih ceSw added to the 

conducting. ^ ^ certainly would not be expected to be 

mission and (hstri^but"ion'^S°elect^'^ problems in the trans- 
protection of the transmissinn energy are the lightning 

troubles from internal survec nf a1 suppression of 

spark lag and thrsmrk ^l^'^^pcal energy. The dielectric 

vitally in the latter Snp^iP*^^ filter into both problems and most 

generators would fail at some transformeia and 

any particular syeSL 0” 

the aggregate is considemhlA Qa 5- rather infrequent, but 
internal surges was confused bv th^n problem of 

Modern desLiers Lve Smlrin^flr^^htP''®"^'''^^ effects. 

reinforced insulation. tSs kaves^^the'^ turn failures by heavily 
internal surges distinct and promSen? 

are not such that a deqiVmAt-^o conditions of cost 

ings, as he does on the end tumlntf ™ wind- 

a test pressure of 6 000 to 20 non insulation that will stand 

norm4 present Ifonly ITto Iwenty JSS^ 

energy m these internal surges is uTSllv Imali Th a 

of a design taking theqe foA+Awc small. _ The excellence 

be casually app^ent vet thev conaderation would never 

practical features in view tliA ti^ vital. With these 

ies made by the authS experimental stud- 

nieasurements are the life of fn fTn ^ importance. Careful 

of test is giy?u wUh IS hJ^S5S°^T . A method 

The speaker has had occstnn f to further studies. 

the dielectric spark lag of r)roi-AA+° ^ particular feature of 

in view of getting rid of it. W^we^e^ suroriL^? the object 
extendmg to severed seconds. To SeSpSS’s‘\S*d*S 
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this long lag has never been observed before. These data have 
a strong bearing on the subject of the paper. Among several 
other things, the dielectric spark lag depends on the excess 
voltage above the voltage which would cause a spark to pass if 
applied for a long time, theoretically for an infinite time. For 
brevity, call this, excess voltage the super-spark potential. 

As would naturally be expected, the relation between the 
super-spark potential and the time, is hyperbolic. For very 
great superspark potentials the time interval before the spark 
passes becomes only a few milliseconds, or may even go down 
into the microseconds. 

In the curve herewith reproduced the measurements were 
taken by the simple method of the oscillograph. Direct current 
potential was applied to a gap and the time interval measured 
between the application of the potential and the beginning of the 
current in the spark. The points of slight super-spark potential 
deviate very little from hyperbolic curve—in this particular 
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GAP 



Fig. 2 


case (y-23) = 1780. (See Fig. 1). But the points at con¬ 
siderable super-spark potential are somewhat variable, showing 
an erratic behavior not understood at present. At only 35-volt 
super-spark potential, the lag is 200 milli-seconds. At 250-volt 
super-spark potential, it is 20 milliseconds. At 300-volt super¬ 
spark potential it is 6 milliseconds. 

The asymtote to the curve is 23 volts above the spark potential 
at an infinite time of application. This may hav^e been due to 
difference in conditions of tests as this value was taken some time 

previous to the other readings. 

The dielectric-spark-lag was demonstrated by another test 
using alternating potential. The spark-potential for con¬ 
tinuous application was less than the peak value of the ^-iter- 
natinc^ potential, yet under these conditions it was not possible 
to spark across the gap. Successive alternatpns apparently 
deionized the gap. At any rate the time of application of super- 
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Spark-potential was not sufficient to cause a spark and the suc¬ 
cessive impulses were not cumulative. 

^ The obnoxious effect of the spark lag on the operation of light¬ 
ning arresters was noticed first, years ago, in taking equivalent 
needle-gaps and other direct measurements of the value of light¬ 
ning arresters. 


The gap at G of a static machine requires a certain pressure to 
spark. (Fig. 2). This determines the value of pressure that 
will appear at the protector. At the terminals of the protector is 
attached the insulation to be protected. Between the protector 
or lightning arrester and the insulation a small amount of in¬ 
ductance is placed to imitate circuit conditions. When the 
pressure at G was as high as 100,000 volts, the insulation was not 
injured as the spark took place quickly at the protector. When, 
however, the electric pressure at the gap (G) was relatively 
.small, in one case about 3,000 volts, the insulation was punctured. 
The greater time lag of the protector allowed the charge to pass 
beyond into the insulation and although the spark sometimes 
took place in the protector, it occurred too late to give protection. 
In regard to Dr. Whitehead’s paper, I wish to say that in the 
dielectric spark-gap, we came across the same thing 
tnat he has studied in what he has named dirty wires, or the 
oxidation of the wire. We had ionization taking place on wires 
which allowed a spark to pass at less than fifty per cent of the 
normal spark potential, and I felt that it could not be explained 
by any roughness of the^ surface. It seemed evident from the 
tests we made, that the ionization was due to the oxide on the 
surface, in some inexplicable manner. In other words, the oxide 
apparently causes a considerable degree of auto-ionization. After 

disappeared, although the surface was 
equally rough. The tests were made in hydrogen vapor and 
consequently the oxide on the copper was riduced S the 
passage o an arc over the surface. These results are suggestions 

a though the phenomenon may be different from the effect of 
duty copper wires in air. 

head question I would ask Dr. White- 

Head. In the diagram of his apparatus, he shows a wire in the 

SamThaTTh.'® controllable and I take it from the dia- 

SatSvSp^^T^'®.i,^^T^ through the medium an alter- 
nating voltage and therefore that the ionization, such as there 

instSment indicating 

eith“ tte ieaSve » 

^ y *^ue negative or the positive ions are in 

CMrSs F ^Scott^°?‘^ e ° preponderate. 

I want to say a word in aonreHnti'nn r.f 

repress ’'w® “"“J P«?mte<i, and the work they 

in'lie of the S 

In going into a new field like this' high voltage field, there is 
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good deal of pioneer work to be done of two kinds ^ , 

laboratory and work in the field, theoretical 
work. Very often these alternate. First we take out ^md 
step and then the other. Dr. Whitehead 

naoers which have been presented to the Institute, whicn are 
?rSSina?y1o his, and form a series. In .r-nmng 
papers, I note the first one is on the .J. 

Dr^ Steinmetz, a laboratory paper; next is the Telluride 
by Mr. Mershon, which was a field test; next P^P®^ J 

Professor Ryan, a laboratory test; next follows a Mershon paper, 

giving field-tests, and now the Whitehead 

paper follows. The next thing on the regular schedule wou 

be to have another paper from Mershon. ^ 

Harris J. Ryan: Dr. Whiteheads paper is a most valuabl 

""^ThJwriter^gJSs wit^rtte author that “ secondary ionization 

is the cause of initial breakdown and fo^^tion of corona^_ 
For out-door conditions he prefers the terms ^ „ 

tion to “ antecedent ” ionization as used in the paper. He 
differs from the author in the conclusion ‘^at “t.«>onm^ 
enlarges the effective terminal until the stiess ^ (inten Y) 
its su?face falls to the ionizing value. Native 
ens the stress near the terminal and diminishes 
ionizing zone. This distance is required to accomplish the process 
of general ionization by collision, i.e. the formation of ^ 

a stress of 76 kilovolt-in., or 30 kilovolt-cm., ions travel neaily one 
inch in 0.0002 second. The region about the electrode enclosed 
hv the zone in which the corona starts contains mostly native 
tone of oppose polarity. Such ions wiU strengthen the stress 
and lessen the striking distance to the corona forming , 

Recent studies of the normal in-door air show that the valu- 
of J. J. Thomson and the one in which the author P^P® 

exoressed confidence, a year ago, is coriect, namely, 
fo.^ There k much Evidence that 40 kilovolt-cm. as given now 
by the author is too high for normal in-door air. ^ 

-The rapid outward spread of the stress from 
a small conductor and the greater concentration of native ions 
comSne to make the striking distance to the initial corona 
zone shorter. Since the initial corona zone always forms in 
the normal air at 76 kilovolt-in. the net result that the surfoce 
stress of the conductor rises as the initial corona striking distance 

regard to the statement “ In view of these discrepancies 
one naturally turns to Mershons’ method for measuring the loss 
afa pSle source of error.” A careful study of the methods 
used at Niagara and recent laboratory tests have convinced the 
writer that Mershon’s methods and results are correct. Th^re 
are no real discrepancies. The surprises are due mam y 'o ^ 
larger native ionization at the Falls. Mershon’s Niagara corona 
zone stresses go below 76 kilovolt-in., because of irregular 
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distribution of stress about parallel conductors worked with 
alternating high-tension; this irregularity is produced and'en 
hanced by the larger supply of native ions occurring at Niagara 
Falls. ^ The vapor-product is an indirect evidence of their 
quantitative variation. 

R. D. Mershon: Referring to the paper by Mr. Hayden and 
Dr. Steinmetz, I would ask them to make clear how they de 
termined the energy available at the spark gap; how they found' 
out w'hat energy was effective. 


C. P. Steinmetz : We did not determine it, do not know it 

R. D. Mershon : Then it seems to me it is pretty hard to arrive 
at any definite conclusion. 

C. P. Steinmetz : The only conclusion is the total energv 
supplied to the apparatus, hence the energy at the spark van 
must be less than that. We give only the energy limit. ^ 
R. D. IVIershon : The question of energy is related to that of 
voltage. I do not see how you can have any idea of the voltave 
finally impressed upon the dielectric. ^ 

o’ answer that in the final discussion 

R. p. Mershon: Referring to Dr. Whitehead’s paper the 
questions and doubts he raises in regard to the accuracy of mv 
high-voltage measurements at Niagara are all of them questions 

obfaine?^ V I were 

obtained, and which I feel were resolved by the careful tests 

accuracy of measurement. We tested out the 
inethod of measurement m every way possible and in consequence 
of these tests I am well satisfied that the method of Sure- 
ment is a reliable one, and that the results obtained are sub- 
^antially correct. I feel confident the accuracy of the measure¬ 
ment IS within 5 per cent, and probably much closer than that 

the method of making them. niauc, ana 

It wat nf Niagara was not that used at Telluride 

TeEdi ?hfdT/“nnn nm* and executed. At 

SESdE 

such check a view of the results of 

Dr, Whitehead says: 

sersoSdt maTbfslfatedSa°raLoT^^ 

a pressure of 25 mm of mercurv temperature of 35 deg. cent, and 

point as taken from the curves ^^ per cent m the critical 
wide as that attributed by him’ to moisture^’critical voltage as 

foi’dlSwlTciwEto': thinks the relation I 

oLween critical point and vapor product may be the re- 
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suit of a series of errors. If this is the case, it is curious that 
these errors should have occurred so consistentH^ over a year and 
a half, during which time measurements were taken almost 
every day. 

I do not see how it is possible that any errors in our observa¬ 
tions or in our method of measurement could account for the 
variation of critical point with vapor product. The effect 
was entirely too marked to be so accounted for. Before we dis¬ 
covered the relation between loss and vapor product, we would 
sometimes get consistent results over a period of several days, 
and then the results of the next day would be all out of line. ”lt 
even happened at times that of a set of observations all taken on 
the same day the results would be erratic and entirely incon¬ 
sistent. But all these readings, when interpreted by means of 
the vapor product, came together and were consistent; the re¬ 
sults of different days came together; discrepancies occurring 
on the same day were reconciled. So I cannot conceive of the 
relation referred to as being in any way due to errors in either 
measurements or apparatus. 

In this connection I would call your attention to the facts 
brought out in one of the other papers here, relative to the 
very small amount of moisture necessary in oil in order to enor¬ 
mously change its dielectric qualities. In what condition does 
that moisture exist in the oil? Is it water, or vapor? It cer¬ 
tainly must be very finely divided, at any rate, for it is uni¬ 
formly distributed through the oil. This may have a con¬ 
siderable bearing upon the loss in air due to moisture; a loss 
entirely aside from the so-called ionization loss. 

The only error that I can conceive of as possible, due to the 
method of measurement, would arise from phase displacement 
in the measuring apparatus itself. The tests made of the 
apparatus, as detailed in my paper, seem to me to pretty clearly 
show that there was no such error, or at any rate it was not 
great enough to account for the discrepancies, if you may call 
them such, between my results and those of Professor Ryan and 
Dr. Whitehead. 

I would call your attention to the fact that the results ob¬ 
tained by Dr. Whitehead, and to a considerable extent, the 
results obtained by Professor Ryan, are not necessarily com¬ 
parable with my results. I did not investigate the matter of 
ionization. I investigated the point at which the loss between 
outdoor transmission line conductors begins to rise rapidly, 
which point I called the critical point. I do not think this loss 
is necessarily all ionization loss. It seems to me it may include 
losses other than those due to ionization. The results of Pro¬ 
fessor Ryan and Dr. Whitehead were obtained under laboratory 
conditions. My results were obtained under engineering 
conditions. I do not believe we are safe in applying the results 
of laboratory investigation to the engineering problem, unless 
we can check up these results under engineering conditions. 
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There are too inatiy other elements which may enter to modify 

laboratory results as applied in practice. ^ ^ 

What i have said applies to the conclusions. Conclusion 5 
says, Water vapor or moisture has no influence on the electric 
strength of air. Increasing moisture content probably lessens 
the loss above the critical voltage That depends on 
you mean by the critical point. If you mean the point at which 
ionization begins, the statement is possibly true, but if you mean 
the point at which the loss between the wires of a transmission 
line begins to rapidly ascend, I do not agree with that at all. 
Similarly with regard to Conclusion 6—There is no loss through 
air until the critical voltage accompanied by ionization and 
corona is reached I believe there may be a loss below the 
critical point, as I have just defined it, and that this critical 
point does not necessarily correspond to the inception of ioniza¬ 


tion. 

Now, as regards Conclusion No. 10 1 The corona has high 
conductivity, and most of the loss takes place beyond it . 
I do not remember anything in the paper which would appear 
to justify this conclusion. If there is, I shall be glad if Dr. 

Whitehead will bring it out more strongly. 

Referring to Mr. Tobey’s paper. Fig. 7 would be much rnore 
interesting if the melting point of the oil were shown, and it is 
to be hoped that in closing Mr. Tobey will give us the naelting 
point. This curve presents some facts in regard to which I 
have often wondered. I have been afraid sometimes that if^the 
oil in transformers was allowed to solidify, due to cold, we might 
get into trouble, but according to this curve we are safer with the 
oil solidified than with it in its normal condition. 

C. P. Steinmetz: First, to answer some questions regarding 
our paper—the energy values, are, as stated in the paper, not 
the energy appearing at the spark-gap, but are the total amount 
of energy supplied to the system through the transformer, and, 
as stated in the paper, the actual energy supplied to the spaik- 
gap probably is only a small part thereof, so that these values 
merely mean the upper limit of energy, which is sufficient to 
break down the gap, and probably much less energy will be 

enough. ^ n 

As regards the question whether the voltage was actually at 

the spark gap or not, we carefully looked into the matter and 
came to the conclusion that this voltage is there, at least approx¬ 
imately this voltage, as near as it was possible to judge. 
Mathematically, I gave the reasoning in the appendix, which 
shows how we calculated the voltage which appears at 
the secondary terminals and thereby at the spark-gap. We 
know if there is one thing where experiment and calculation 
agrees, it is in transient phenomena, provided you consider all 

the factors involved in the problem. ^ i i 

There are two factors which have not been included in that 
mathematical calculation. One is the variation of the in- 
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ductance; the second is the capacity of the secondary circuit. 
It can easily be seen that the variation of the inductance with 
the voltage has no effect on the voltage, but merely modifies 
the shape of the voltage curve of the secondary. There re¬ 
mains then the consideration of the secondary distributed ca¬ 
pacity. From the constants of the transformer, its estimated 
resistance, inductance and capacity, it appears obvious, that the 
effect of capacity could result only in an oscillation, not in a 
steady change, that is, that at the beginning of the impulse 
there might appear and probably does appear an oscillation 
superimposed on the steady discharge curve, calculated in the 
appendix. Such oscillation may be either limited to the high 
voltage circuit, and then be of very short duration or small 
energy, or it may extend into the primary circuit. 

In the paper we gave evidence that such oscillation did not 
extend into the primary circuit, by changing the resistance of the 
primary circuit, increasing the non-inductive resistance of the 
primary supply circuit nearly a hundred-fold, and getting the 
same result. It is obvious if there is any oscillation taking effect 
in the primary, that by increasing the resistance of the oscil¬ 
lating circuit nearly one hundred-fold, from’ about | ohm to 
26 ohm, the oscillation must be enormously reduced and 
damped out, and we found the same transient discharge. I 
believe, however, there was in the high potential secondary 
circuit an oscillation superimposed on the exponential curve of 
the calculated voltage ratio, but of extremely short duration, 
and as the entire effect is a transient, you see that an oscillation 
of still much shorter duration at the beginning of the effect, 
could not well be expected to have an appreciable effect. It is, 
however, desirable, and we hope some time to be able to carry 
out corresponding investigations by some other method of pro¬ 
ducing the transient voltage, and thereby being able to de¬ 
termine exactly the amount of energy existing at the spark-gap. 

A most interesting paper we have in the next paper, that by 
Dr. Whitehead, which I consider as extremely valuable and im¬ 
portant at present. I may say, indeed, that we had intended 
to make the same investigation, even assembling apparatus of 
the same kind, a conductor in the center of a tube, and measuring 
the beginning of the breakdown by an electroscope. We ex¬ 
pected to carry that investigation a little further, that is, to 
lower air pressure, so as to study more carefully the effect of 
•higher altitudes, since we know that transmission lines at the 
present time extend to altitudes where the air pressure is ap¬ 
preciably reduced. 

There is only one point in Dr. Whitehead’s paper, concerning 
which I do not agree with him, and that is his opinion that the 
explanation of the apparently greater breakdown strength of 
air with small wires cannot well be given by the assumption of 
the zone of condensed air around that wire. We know, and it 
can easily be shown physically, that all solids are surrounded 
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by a zone of condensed air, and a rough calculation will show 
that the densities of this air at the immediate neighljorhood of the 
conductor, by gravitational or molecular attraction, may reach 
considerable values. This phenomenon of the great increase of 
disruptive strength of air close to the solid terminals I observed 
and^gave the explanation, that it is due to the condensed layer 
of air, some years ago, I believe in the paper which I read "on 
disruptive strength before the Institute in 1893. There I found 
that in testing very small air gaps the disruptive strength very 
greatly increased, beyond that observed in the case of lartw 
air-gaps between parallel plates. ^ 

know, ^Professor Ryan has very carefully looked into 
this eiiect, and in his paper of 1904 gave it a numerical value. 

1 believe it would be very interesting, first, to take his numerical 
value of the layer of condensed air, and reduce Dr. Whitehead’s 
ests by this assumption, thereby seeing whether we do not 
pt a grpter constancy, and then, inversely, from the data of this 
est, calculate how thick a layer of condensed air we have to 
assume to get constant break-down strength of thc^ ah* It is 
reasonable p assume that the layer of air is mot the same, but 

of Sverjenc? decreasing diameter of the wire, due to the effect 

be^thJfthP Scondensed air, the result would 
conductor break-down occurs, not at the surface of the 

ductor siirfJcc’^ A thpugh finite distance from the con- 

exteSs ^iftwar^fn ? ^creasing voltage the break-down 
conductor anri extends inwardly towards the 

This second higher voltage reaches the conductor, 

inis gives a second point in the curve where a chnnw nf tVic 

It 5 

of disruptive strencthTJ'’^^^^^’^^ knowledge of the iihenomena 
similaritv nf tS f b . ■ impressed with the 

JomeTa "^uJ h laws and phe! 

jne^a^'cat LTointe/iSToTy 

the mech^mSd phenomena arc simpler than 

good evidence wh^rmakc^t K very 

also exists, because at the edo-rf ® electrostatic shear 
the electrostatic field verv ahn®l®‘^lvostatic field, where 
the edge of two parallel nlatps changes, for instance, at 
disruptive force; although^the ootentfai^^ ^ much greater 
same, and there is some evidence 1^1^^ 

sufficient quantitatively, that mt onlvTi^^^r^-'"®^^’• 
gradient, but also the abrunt vafiaK?^ the potential 

causes a breakdown This the potential gradient 

Ferranti system in London En^land'TnTf’' 
etatic held, .hat is an electros,at? £f,‘aife “ 
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in the industry that we always carefully avoid abrupt changes 
of the electrostatic field, for instance, at the end of lead covered 
cables taper the field, etc. Experience has shown that if we 
allow too sudden variations of the static held, break the insu¬ 
lation down, although the insulation is just as thick as where 
the field is uniform. 

Originally when electrostatic phenomena were first investi¬ 
gated, they did not appear to agree with a constant breakdown 
strength of air, but gradually the phenomena lined themselves 
up in the direction of law and order, pointing towards a definite 
strain w^hich air will stand, and beyond that will break down, 
and what we here are mainly interested in is the range beyond 
the break down, that is the phenomena beyond the electrostatic 
elastic limit of insulating material, where the phenomena have 
ceased to be reversible and become irreversible. It is the same 
thing in mechanical engineering, and we shall listen still to a 
paper dealing with an analogous problem in the mechanical force. 
This is an extremely interesting field, but the difficulty of ex¬ 
ploring it is the same as in the case of almost all phenomena— 
you never find in nature a clear cut case of the action of one 
phase or one form, you always have it complicated by numerous 
other conditions, forces or phenomena which are existing as 
secondary actions, and practically most of the work of the elec¬ 
trical engineer and other engineers consists of a very simple cal¬ 
culation of the theoretical condition, and then he must calculate 
and estimate the secondary actions which modify, and some¬ 
times entirely obscure the primary action of the phantom ap¬ 
paratus under phantom conditions. 

The most important secondary actions in electrostatic phe¬ 
nomena are: 

First, the phenomena of the effective terminal. That is, 
when we have electrostatic fields, the terminals of the field are 
not the solid terminals, the needle points or spheres, but are 
made up of that space surrounding the solid terminals within 
which the air or space is broken down, has passed beyond its 
elastic limit and is more or less conductive. Between needle 
points, even at extremely low voltages, the break down strength 
is excedeed at the points, nevertheless the spark discharge does 
not occur until much higher voltages are reached, and when it 
occurs it is not a discharge between needle points, but between 
these effective terminals, these approximately spherical spaces 
of conducting or ionized air. 

The study of that phenomenon mathematically is rather 
difficult; is not as simple as it appears. We can easily consider 
the electrostatic field with its force lines and equi-potential sur¬ 
faces between needle points or spheres, and then see at a given 
voltage what is the equi-gradient surface which corresponds to 
the break-down of air, and all the air space inside of this surface 
would become conductive. But as soon as the space becomes 
conductive up to the equi-gradient surface, the equi-gradient 
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surface becomes an equi-potential surface, while it is not an 
equi-potential surface in the original electrostatic field. That 
means the distribution of the lines^ of force changes and the 
entire field changes and the problem is to find that equi-gradient 
surface which at the same time is an equi-potential surface, and 
has the particular numerical value of the break down strength of 
air, and that is rather a more difficult problem. 

The second phenomenon is the layer of condensed air which 
surrounds the solid material. The result is that the disruptive 
strength at the surface of the terminal is different from what it 
is in the space at some distance. At atmospheric pressure it is 
very much higher. The result of that would be, as I stated, 
that the initial break-down occurs at a voltage corresponding 
to, not the break-down gradient at the conductor surface, but at 
the space some distance away, or, in other words, it occurs when 
the ratio of the electrostatic gradient to the density of the air 
has reached the maximum at some point at some distance from 
the conductor. This also requires further theoretical investiga¬ 
tion, which probably can be done, because we know the law of 
gravitation, and the gas laws, and the layer of condensed air 
could be calculated. 

When you have electrostatic forces acting, the phenomena 
may be expected to be complicated still further, as Dr. Kennelly 
pointed out, by the electrostatic attraction, which changes the 
density of the layer of air and its volume. 

Lastly, and one feature which we usually overlook, is the 
resistance of the conducting space of the effective terminals. 
It is not correct to say that the space within which the air is 
broken down and which forms the effective terminal, is a perfect 
conductor, but it has some resistance, and therefore quite con¬ 
siderably modifies the phenomena. To illustrate it by the 
discharge between needle points—we have a discharge occurring 
between these effective conductors, spherical spaces of ionized 
air, but these spaces are not perfect conductors—they have a 
certain resistance, and the resistance has the characteristic of gas 
resistance, that is, it increases enormously with decreasing current 
density.^ Now, the current density depends on the size of the 
conducting terminals, the volume which has to be ionized, and 
also on the frequency, and you see, then, within this range, 
until^ you have reached so large conducting spheres, effective 
terminals, that the amount of current required for ionization 
is large enough to give a negligible resistance, the frequency as 
'well as other-features, have no effect. That is very markedly 
sho'y^m in the striking distance curve between needle points. 
Theoretically, we can calculate it, allowing for the effective 
terminals, the ionized air space, and no matter what allowance 
we make we can easily show that the striking distance between 
needle points should be a straight line going through the origin. 
Now, the actual curve, as we found it by test, is given in the 
paper in the 1898 Transactions, at 125 cycles; it differs from the 
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straight line at lower voltages. More recent tests at 60 cycles 
seem to show a curve in which the deviation from a straight line 
extends to somewhat higher voltages, and there seems to be 
some evidence which makes it probable that at extremely high 
frequencies, 100,000 cycles, the curve remains straight practi¬ 
cally down to zero, that is, is the true theoretical curve. The 
cause of this deviation from the true theoretical curve seems to 
be the resistance of the effective terminals which, within that 
range, are still so small that the current consumed by them is 
sufficiently low to give a resistance, consuming a voltage com¬ 
parable to the voltage between the needle points. At higher 
voltage the space ionized is so large and the current absorbed 
is so great that the effect has disappeared. That is another 
secondary phenomenon which requires consideration. 

Again, we really do not observe the break down voltage, or 
the elastic limit of air directly, but always indirectly by dif¬ 
ferent methods, and there is no evidence that the point we 
observe by different methods is the same point. We get it by 
the disruptive discharge. We get it by observing the beginning 
of ionization, as described in Dr. Whitehead’s paper. We get 
it by the corona. We get it by measuring the energy loss in the 
conductor as in Mr. Mershon’s paper or Mr. Ryan’s paper. 
Then we get it by the increase of capacity of the conductor, 
at the voltages where the corona spreads out and increases the 
effective conductor. There is no reason why the different 
methods should really give you the same point. As soon as the 
air begins to break down anywhere in space, an irreversible 
process occurs. The energy consumed by it is not returned. 
It means at that point the energy loss in the electric system must 
appear. If we could measure the beginning of the energy loss 
exactly, which is an extremely difficult problem, we could show 
the beginning of the energy loss, the^beginning of the break down. 

As there is a layer of condensed air, that initial break down oc¬ 
curs at some distance from the conductor, and the conductor, 
therefore, is surrounded by a zone of conducting air which is 
separated from the conductor by a layer of compressed and 
insulating air. There is no conduction of cuirent from the 
conductor into the ionized air region until a higher voltage is 
reached, when the zone of disrupted air spreads to the conductor 
and current begins to flow into the zone. It appears possible 
that the point where the capacity of the conductor increases is 
not the point where the initial break down occurs, but is the point 
where the zone of broken down air gas spread up to the conductor 
and reached it. 

It is curious to note that there are also two visible steps in the 
luminosity which are quite sharply marked, and are also ap¬ 
parently sharply distinguished by their chemical action. First 
appears the glow, the noiseless or silent discharge. Perhaps this 
is the break down at some distance from the conductor, not at the 
conductor—while the air at the conductor still is insulating, but 



1226 


DIELECTRIC STRENGTH 


[■June 29 


at some distance therefrom has broken down. This does not 
appear at needle points, where the break down m.ust occur at the 
beginning, but it appears very markedly at, plane surfaces. 
Then at higher voltage, the blue glow is superseded by violet 
streamers, which are noisy and are interrupted, intermittent, 
and appear to represent conduction of current, when that ionized 
layer of air has reached the conductor. When conduction occurs 
into the space, that conduction, following the gas laws, has the 
effect that as soon as current begins to pass locally the resistance 
at the space falls, a discharge occurs, the voltage disappears and 
the current disappears, so by the laws of gas conduction the 
current must be intermittent and must always be a localized 
expenditure of energy as a spark or streamer. At this point, 
apparently, the chemical action changes. Where we have the 
blue glow, the energy seems to be sufficient to dissociate the 
oxygen molecules, but not the nitrogen molecules, and ozone 
formation takes place. As soon as you see these violet streamers, 
not only the oxygen molecules, but also the nitrogen molecules 
split, and you get nitric-oxide, but less ozone, because at the 
high temperature of that streamer discharge the ozone is broken 
up, so that there seems to be a sharp dividing line. Below that 
the blue diseharge produces ozone, above it the streaming dis¬ 
charge or brush is intermittent, and of different color, noisy, 
and seems able to fix nitrogen. 

The whole subject is an extremely interesting one, and what 
I have said here I do not want to have taken as conclusive evi¬ 
dence, as the entire field is altogether too new to accept final 
conclusions. This is only my present personal opinion of what, 
from the evidence, appears to be probable. We must all be 
governed by further evidence, which may and probably will 
change our opinions more or less. 

John B. Whitehead: Before answering the questions which 
have been asked in connection with my paper, I want to say a 
few words in general comment on the three papers which have 
been presented at the morning session. 

. These three papers all deal with the effects of high voltage on 
insulation. Each of the papers presents a set of experimental 
results on this perhaps most important of all electrical questions. 
All of them fail, however, to explain the observations in terms 
XT phenomena or physical laws at present understood. 

'^9^ few suggestions of explanations which are offered 

^ncide either in point of view or language of expression, 
there is here then a sharp indication of present uncertainty 
surrounding these highly interesting phenomena. The uncer¬ 
tainty, however, is by no means as great as may appear from 
is contusion. The phenomenon of spark discharge in all its 
raamtestations has been a subject of study by experimental 
physici^s for many years. As a result of this study the ionic 
theory has not only paved the way for most fruitful investiga- 
lon, but has been finally established as a medium through which 
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many electrical manifestations now receive their explanations 
in terms of the laws of simple mechanics. For no set of phe- 
noinena is this more true than for the spark discharge in gases. 
While there are still many phenomena w^hich have not yet been 
brought into perfect accord, those which have been’ studied 
most widely show conclusively that for a proper understanding 
of the conditions governing the break-down of insulation whether 
gaseous, liquid or solid, the way must be through the knowledge 
of the properties of ions which has been already gained. These 
comments are suggested by the mode of interpretation used 
by Messrs. Hayden and Steinmetz in discussing their results. 
We are to be congratulated upon the presentation of so careful 
and accurate a set of experiments in a field so little understood. 
The conclusions drawn from the experiments by the authors, 
however, invite some comment. 

Disruptive discharge is said to require a definite minimum 
amount of energy. The laws of spark discharge in air which 
may be said to be firmly established, explain the phenomena 
in terms of motion of gaseous ions, ix., charged particles, acted 
on by electric force. These ions have mass, and therefore ac¬ 
celeration and momentum when in an electric field. The laws 
of motion and impact of the simple mechanical system thus 
presented lead in many cases to complete explanation. Spark 
discharge is the result of secondary ionization or the collision 
of a charged particle moving under electric force with a neutral 
molecule, thus breaking up the latter into new ions and so fur¬ 
nishing the conductors for the discharge. Since the free ions 
have mass they require time to attain speed. If the electric 
force is transient and of sufficiently short duration the ion may 
remain practically unaffected. The study then of the phe¬ 
nomena of transient voltages should be extended to that of the 
shape and duration of the voltage impulse, i.e,, the integrated 
product of intensity and time in relation to the known properties 
of gaseous ions. Even granting that the initial discharge voltage 
of the experiments is properly deduced from the ratio of turns, 
this value cannot exist for more than an infinitesimal time and 
the appendix concludes that the shortest and longest time dura¬ 
tions of a pulse are in the ratio 1 to 100. It is concluded that 
the discharge does not instantly follow the application of voltage, 
although the observations leading to this conclusion are not 
described. It is also stated that during the interval energy is 
being supplied to the dielectric, and relations are deduced be¬ 
tween energy and sparking distance for air and oil, as given on 
page 770. Although the observed points in the two cases fall on 
curves of different shape they are assumed to have the same 
equations, and although the energy is measured at the trans¬ 
former primary, it is assumed to be a basis of comparison for 
the secondary spark-gaps. It would be interesting to know 
what part of the energy delivered to the magnetic circuit is 
regained upon opening the primary circuit. It would a so e 
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interesting if the authors would present a conception of the 
mechanism by which a dielectric accumulates energy leading 
up to disruptive discharge. 

Taking up the points that were brought out in connection 
with my own paper, the first question was that of Mr. Mershon 
as to the point on the voltage wave at which the corona ceases 
in relation to the point at which it starts, and he raised the 
question as to just how you could expect the corona to stop at a 
lower voltage than that at which it started. The indication is 
that there is only a small lag, if any, in the point of disappearance 
of the corona. The corona, however, is a source of heat in the 
gas, and the raising of temperature has the effect of lowering 
the corona voltage. 

Regarding Mr. Thomas’ questions—first, the conditions at the 
ends of the tube: The wire is carried through a cylindrical metal 
bushing set in a glass receptacle of the shape very much as 
indicated in the drawing on page 1063. There is no observa¬ 
tion of^ spark discharge, no corona nor anything else indicating 
ionization at this point, occurring before that on the length of 
wire within the tube. If you carried the wire through a rubber 
or other insulating bushing, ionization would first set in at that 
point, and would spread to some extent along the wire inside 
of the tube. The variation of electric field at the end of the 
tube is quite marked, of course, outside the tube, but does not 
extend to the region inside for any considerable distance. As 
soon as corona forms, it is very evident that no error is intro¬ 
duced on this account. The whole apparatus was, of course, 
enclosed with the idea of conducting any ionization that was 
generated out through the gap leading to the electrode. I think 
there was no error on this score. 

With reference to the question as to whether in a small wire 
rapid change of gradient at the surface would explain any of 
these phenomena: The potential gradient does change yery 
rapidly; however the distances within which the potential gra¬ 
dient varies widely are very much greater than mean free paths 
of the molecules and ions. 

^ P. H. Thomas : You did not catch my point—the question 
is whether the volurne of air which was subjected to something 
like the critical strain w^as not greater in the case of the large 
wire, not that the mean free_ path was involved, but the sur- 
roundmg presence of supporting ionized air might prevent the 
overwhelming of the very narrow zone there, very narrow parti¬ 
cles, with reference to the free paths. 

J. B. Whitehead: I am not sure that I get the idea. loniza- 
lon in this case is a sharply cumulative effect. As soon as you 
get a region where there is this secondary ionization, when 
tins second ionization starts, it is a continuous thing, and if 
you attempt to explain it by any relation between the mean 
ree paths of the ion or the molecule, and the variation in diameter 
0 the wire, there is the widest kind of discrepancy. I have 
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given the figure 10*'^ in the paper showing that the two quantities 
are of different orders of magnitude. 

Referring to the question as to the state of the air as it leaves 
the wire, whether it has positive or negative ions—I think Mr. 
Lincoln asked a similar question—a gas ionized in this way has 
both positive and negative charges—the point of initial break¬ 
down will be observed by charging the electroscope either posi¬ 
tively or negatively. The only differences which come in are 
in the shape of the discharge curve of the electroscope. These 
differences are to be expected in view of the known fact of the 
difference in the rates at which the positive and negative ions 
move in the gas and the different rates at which they diffuse. 
The point of break-down can be observed with either kind of ion. 

I have not worked with any other gas than air. 

The question as to the positive and negative corona is taken 
up in the paper, rather briefly, and I have pointed out that 
there is no apparent difference in the positive and negative corona 
unless it be possibly the somewhat greater brightness and 
sharper definition of one. I am not prepared to say that there 
was any noticeable difference. 

As to the relation of initial ionization to the following arc, 
the corona starts evenly, as you are, of course, aware. As you 
go on increasing the voltage you wall finally get to either a 
spark or an arc. Now then, just what this range of voltage is 
will depend on the relative diameters of the inner wire and the 
tube. The potential gradient between a tube and the central 
wire depends upon the diameter of the wire in such way that 
under some circumstances an increase in diameter will mean 
a lowering of the electric intensity and under other conditions 
it will mean an increase in the electric intensity. With the 
increase in corona diameter, resulting from increased voltage, 
when the corona reaches a point so that any further increase 
means an increase of intensity the spark or arc follows. 

Dr. Kennelly and Dr. Steinmetz have each suggested that an 
increase due to pressure in the neighborhood of a small wire 
may offer a means of explaining the increase of electric intensity 
of corona and break-down. I am not quite sure that I grasp 
Dr. Steinmetz’s idea, in that I cannot see why you should expect 
any difference between the case of small and large wires. Pro¬ 
fessor Kennelly’s idea is, of course, a possible one, and there is 
no difficulty about imagining such a thing to occur. I would 
say, however, that I have made efforts to observe any increase 
in pressure in the neighborhood of these wires by optical means 
—the increased density of this air in its relation to the neighbor¬ 
ing portions, permits the use of a very simple optical method 
of observation. Such experiments were negative in my case, 
although I cannot say I think that is any conclusive proof that 
some such increase of pressure may not explain the observed 
facts. Since we are dealing with extremely small distances, and 
I am not sure that even with the optical method I have used the 
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layer would be sufficiently thick to manifest itself in this way. 
The test is known to physicists as the Schlieren ’’ method. 

Professor Creighton made some comments as to the auto¬ 
ionization of the air and the necessity of removing ions. I do 
not know the word auto-ionization. Ions may be generated 
by secondary ionization, as in coronas, and recombine very 
promptly; the air is then to all appearances in quite the same 
state as it was before secondary ionization or coronae set in. 
This is shown very well by the sharpness with which the corona 
stops and by the absence of any after effects of ionization. 
There^ are always a certain number of free ions in the air and 
these ions account for the small conductivity which air has^ If 
you generate ions by some external means, and put them in the 
air, it simply means you can get a greater leakage current, but 
the presence of these ions does not in any way hasten or lower 
the point at which secondary ionization steps in, it simply 
increases the leakage current. There are numerous ways of 
removing free ions from the air; the use of glass wool, or crude 
raw cotton and various materials of like nature, through which the 
air can be drawn to a perfectly pure state, so far as ionization is 
concerned, but it will always have a certain extremely small 
number of free ions. The natural conductivity of the air is 
entirely explainable on this ^basis. For reasons which will be 
mund m the remarks I have just made, I do not think Professor 
Ryan s suggestion, as well as I was able to gather it from hearing 
his letter read in the meeting, that there may be a difference 
between indoor and outdoor ionization, offers an explanation of 
the discrepancies that he is calling attention to. The range of 
natural ionization throughout the regions which have been in¬ 
vestigated all over the earth, is about in the ratio of 1 to 4 
and as I have said, the presence of more or less free ions in the 
air, simply increases conductivity, but I do not believe under 
py circumstances it would hasten the point at which secondary 
ionization, spark discharge, or corona would start 

Observations. The discussion of the wave form is given in the 
paper, showing the relation of maximum to effective values, and 
reference to the curve Fig. 5. It is possible to 
observe the corona very close to the peak of the wave, and it is 

to tricfun® twt* was possible by careful voltage adjustment 

peaks by the stroboscopic method 
A^c, «iark spaces corresponding to the dimples; 

and most oTSI” 1 the corona has high condSctivity 

Site Sv?n Sfis on the 

fna practically the same, differ- 

diameter and^if^ the same 

SSnn fht h ^ reasonable as- 
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In calling attention to Mr. Mershoii's method of measurement 
I have been led by the process of elimination of all other ex¬ 
planations of the discrepancies between our results. Mr. 
Mershon has pointed out that his critical point is not neces¬ 
sarily the same as my own, but I am unable to see any other 
explanation than that of corona and break-down for the sharp, 
upward bend of his curves. I am unable to think of any means, 
also, by which there is a possible loss through the air below this 
point. 

It has been^ suggested by several that laboratory methods 
present conditions different from those obtained outside and 
that this may be an explanation of some of these differences. 
I should be interested to hear some one suggest some means 
or method by which a loss could take place through air at 
voltages below those at which it actually breaks down. 

M. A. de Chatelain (by letter): The writer and his associate. 
Professor V. F. Mitkevitch, were led to the question of corona 
formation and the accompanying losses in connection with, the 
question of possibility of high-tension power transmission in the 
vicinity of St. Petersburg, Russia. 

Laboratory experiments were performed on cylindrical con¬ 
ductors of different diameters, placed at different distances from 
each other. In view of discrepancies in the values of the critical 
voltage, as given by Messrs. Scott, Mershon, Ryan, Kapp, and 
Berg, among themselves and with our results. Professor Mit¬ 
kevitch was led to investigate the matter theoretically. Based 
upon J. J. Thomson’s researches on conductivity of gases he 
has found the following formula for the critical voltage: 



35 


H 


273+/ 


r logio 



(in kilovolts) 


where 

H is the barometric pressure in mm, of mercury; 
t is the temperature of air in degrees centigrade; 
r is the radius of the conductor, in cm.; 
d is the distance between the centers, in cm. 


Changes in humidity did not produce any appreciable varia¬ 
tions in results. The values calculated according to the fore¬ 
going formula were checked experimentally in the electrical 
laboratory of St. Petersburg Polytechnic Institute, and were 
compared to the results given by Professors Ryan and^Kapp 
for the same conditions. The comparison is given in Tables 
I and II. It will be seen that the difference between the volt¬ 
ages at which the corona became visible, and those calculated 
according to Professor Mitkevitch’s formula, are not l^ge. ^ 
It may be appropriate to mention here that Professor Kapp s 
adaptation of Mershon’s formula (Jouma,! of the Inst. LL 
Engs., February, 1910) leads to an odd result, namely, that the 
critical voltage, beyond a certain liti^, becomes lower wi 
increasing diameter of conductors (see Table ill). 
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Mr. Mershon’s statement that the losses increase with the 
frequency led us to investigate the effect of frequency. Our 
results seem to indicate that the loss is practically independent 
of the frequency, and rather decreases at higher frequencies. 
Namely, we measured the losses between two parallel planes, 
27 X 27 cm. each, one of which was covered with needles of the 
same length. The distance between the points and the opposite 
plane was 2 cm. The frequency was varied from 15 to 90 cycles 
per second. After having taken into account the necessary 
corrections for the capacity, etc., we found the following values 
of losses: 


Cycles 

Watts 

15 

56 

50 

54.5 

90 

54 


TABLE I 


2 r (mm.). 

d 

Critical kilovolts 

mm. 

Observed 

Calculated* 

5 (cable). 

1000 

65 

60 

11 (cable). 

u 

120-125 

115 

11 (tube). 

it 

125-130 

115 

14.3 (tube). 

ti 

145-150 

141 


*Fomiula Professor Mitkevitch 


TABLE II 

CRITICAL KILOVOLTS 


1 

1 d 

mm. 

2 r = 10 mm. 

2 r = 15 mm. 

2 r ~ 20 mm. 


Ryan 

Kapp 

Mitke¬ 

vitch 

Ryan 

Kapp 

Mitke¬ 

vitch 

Ryan 

Kapp 

Mitke¬ 

vitch 

■ 500 

143 

82 

98 


89.5 

135 

212 

92.5 

165 

1000. 

165 

94 

no 


104 

155 

250 

109.5 

195 

2000. 

1S7 

106 

125 

236 

119.5 

177 

287 

125.5 

225 

3000. 

200 

114 

135 

256 

128 

190 

310 

135 

240 


TABLE III 


d 

2 r mm. 

mm. 

5 

10 

15 

20 

25 

30 

50 

100 

150 

200 

2000. 

79.3 

106 

119.5 

125.5 

128.5 

131 

130 

119.5 


— 

10000....... 

98 

136 

154 

164 

171 

172 

177 

169 

163 

156 
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VECTOR POWER IN ALTERNATING-CURRENT 

CIRCUITS 


BY A. E. KENNELLY 

It has long been known that in any simple alternating-current 
circuit, the current and voltage may be conveniently regarded 
as rotatable vector quantities.^ It is also known that the 
power in such circuits is not to be regarded as the vector product 
of the rotating vector voltage and rotating vector current.^ 
It does not seem to have been pointed out, however, that, under 
certain restrictions, it is proper to regard the power in an alter¬ 
nating-current circuit as a non-rotating vector quantity. More¬ 
over, it does not appear to be generally known, although the fact 
has not escaped notice, that the imaginary component of vector 
power, or so-called “ wattless power ” is, in a restricted sense, 
just as much power, and just as “ wattful as the real com¬ 
ponent.^ 

The objects of this paper are: 

1. To indicate the limitations under which power in an alter¬ 
nating-current circuit may be treated as a stationary vector, 

2. To extend the technology of vector alternating-current 

quantities; 

3. To combat the use of the terms “ wattless power and 

1. J. A. Fleming, “ Notes on Alternate Currents “ The Electrician ”, 
Nov. 18, 1887, Vol. 20, page 28. 

2. Symbolic Representation of General Alternating Waves and of Double 
Frequency Vector Products, by Dr. C. P. Steinmetz, Transactions 
A.I.E.E., Vol. 16, pp. 269-296. June, 1899. 

The use of Complex Quantities in Alternating Currents, by Geo. W. 
Patterson, Physical Review, Vol. 26, No. 3, Mar. 1908, pp. 266-271. 

3. The Improvement of Power Factor in Alternating-Current Systems, 
by Miles Walker, Journal of the Inst, of El. Engrs., Vol. 42, pp. 599-625, 
Jan., 1909. 
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“ wattless current ”, offering more logical terms as substitutes, 
and 

4. To offer a plea for the standardization of the direction of 
phase rotation in the vectors used in alternating-current theory. 

Preliminary Definitions. The vectors, or directed magnitudes, 
employed in alternating-current technology, with rare excep¬ 
tions that do not come within the scope of this discussion, are all 
confined to a single plane of reference. That is to say, they relate 
to two dimensions of space, as distinguished from the vectors of 
three-dimensional geometry. This limitation may be expressed 
by saying that the vectors of alternating-current technology 
are plam vectors. A plane vector may be defined as a quantity 
having both a direction and a magnitude, but confined to one 
plane of reference. In what follows, we may for brevity con¬ 
veniently assume that the term ‘‘ vector ” is an abbreviation for 
the more strictly logical term “ plane vector 

Subdivision of Vectors. There are three classes of vector used 
in dealing with alternating-current circuits, namely: 

1. Vectors that are capable of rotation in their reference plane 
about a fixed point, and whose projections on a reference axis, 
or whose intercepts with polar curves, measure the instantaneous 
values of the quantities represented by the vectors. That is, the 
rotating vectors may be either projected or intercepted. These 
vectors may be called rotative vectors. 

2. Vectors that are not capable of rotation in their reference 
plane for any purpose of projective or interceptive representa¬ 
tion. These may be called non-rotative vectors. 

3. Rotative-vectors that ^for special purposes are arrested, 
or treated as though non-rotative. These may be called sta¬ 
tionary vectors. Stationary vectors are rotative, but non-ro¬ 
tating. 

The above classification and nomenclature may be revealed 
more clearly by the following table: 


Table I 

Nomenclature and algebraic classification of alternating-current 

vectors. 


Rotative (Z /cot) 


Non-rotative {I /O ) 


Rotating (Z< /cot) 

Stationary (Z /colT) 'j 

(T = constant) \ Non-rotating (Z /d ) 
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Example of a Rotative Vector. As an example of class (1), let 
us consider the vector 0 E, Fig. 1, rotating in the plane 0 X Y, 
about the origin 0, with a uniform angular velocity of oj radians 
per second. Then the length 0 E may represent to an assigned 


Y 



Fig. 1. —Rotative vector and sinusoidal projection. Isometric projec¬ 
tion. X O Y plane of rotation, P P P' plane of projection. 


0 

scale of volts per cm., the maximum cyclic value of a certain 
sinusoidal e.m.f., say the e.m.f. generated harmonically in the 
secondary winding of a particular transformer. The direction 
of rotation may be positive, as indicated by the orbital arrows. 
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If the frequency of the voltage in the transformer is n cycles per 
second; then we know that the angular velocity of rotation must 
be a; = 27tn radians per second. Moreover, the vector OE 
must, of course, coincide with O X when the generated voltage 
attains its maximum positive value. 

The circular orbital motion of the end E of the rotation vector 
will then correspond to the vector equation: 

0 E Eq volt-scale cm. / ( 1 ) 

where t is the time, in seconds, from the start at a particular 
axis such as O X, e is 2.71828. . ., the base of Naperian logarithms 
y = V _ and E^ is the maximum cyclic value of the e.mi. 
to a voltage scale of length. Equation ( 1 ) is sometimes written: 

0 E ^ Eq cis (cot) volt-scale cm. / (2) 

M/e shall represent either of the above expressions by the 
briefer and more convenient notation: 

0 E ~ Eq /oj t volt-scale cm. / ( 3 ) 

where the quantity oji within the angle sign /_ means that the 
angular distance of the radius vector O E from the initial refer¬ 
ence axis is (jjt radians, or degrees, according to the unit of angle 
adopted. * 

As is well known, the orthogonal projection of the radius vector 

O £ upon the plane of reference P P, P' P>, which is parallel 

to the plane OXY, performs a simple harmonic motion. If 

the reference axis of starting, at time i = 0, is 0 -F, then at any 

mstant t seconds thereafter, the distance y e, or projection of 
0 E, will be: 

ye = sin cot = £„ sin a volt-scale cm. (4) 

which will correspond to the e.m.f. generated at that instant in 
the transformer. 

Again, if the reference axis of starting, at time t = 0, is 0 X 
then at any time t: ’ 


y ^ — Eq cos cot ~ Eq cos a 


volt-scale cm. ( 6 ) 


P^oiection PPP'P' he moved parallel to 
Itself in the direction shown by the arrow at c; or, if with the plane 
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of projection at rest, the coordinate system of axes moves m 
the direction O Z, with uniform linear velocity, then, as is well 
known, the projecting point will trace out a sinusoid o e having 
amplitude ordinates o x, and time abscissas o y. 

Relation op Phase to the Direction of Rotation 

Convention No. 1. If we employ two co-frequent rotative 
vectors, such 0 E and 0 I, Fig. 2, representing say an im- 

r E 



-’'I 

Fig. 2. —Pair of rotative vectors of the same frequency and their cosinu¬ 
soidal projections, Representation direct. Current lagging. Isometric 
projection. X 0 Y plane of rotation. X O Z plane of projection. 

pressed e.m.f., to a certain volt-scale, in a simple alternating- 
current circuit, and the current strength thereby produced in the 
same circuit, to a certain ampere-scale; then, if there is inductive 
reactance in the circuit, we know that the current will lag 
behind the impressed e.m.f. This means that the orthogonal 
projection of 0 / on the axis 0 X of reference, must reach its 
maximum after 0 E has passed its maximum projection on that 
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axis. Consequentiy, with the plane X O Z, fixed in space, and 
with the vectors 0 E, O rotating in the positive direction, as 
shown by the orbital arrows, O I must make a negative angle 
with O E; or, 0 E must make a positive angle wath O I; so that 
the angle E 0 I is trigonometrically negative, as shown in P'ig. 2. 
If the vector 0 E starts from the position O X, at time 2 ^ = 0, 
the orthogonal projection of 01 /cot-6 proceeds to execute 
on the axis 0 X the cosinusoid: 

0 i = Iq cos {cot — 6) ampere-scale cm. (6) 



Fig. 3.— Pair of rotative vectors nf r 

projection.. Eeproro„t,tio„ inveree o2™?i “’'j' 

projection. ^ o p- ^ 2 pSl 

If the origin O and system of 

spect to the stationary plane of projectlorrO Z 
tioii O Z; or, what is equivalent if fin i O Z in the direc- 

in the direction O Z past a fixed onvfn^O^ th moves 

and i'i will be traced as curves with^f cosinusoids 

times as abscissas. This convention w ordinates, and 

c urrent techno logy by Fleming in 1887^* m alternating- 

I. Fleming, loc. cit. 
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Convention No. 2. If, however, we reverse the direction of 
rotation of the vectors O E, 01 in their orbit; i.e., if we adopt 
negative rotation, we shall require that the leading vector make 
a negative angle with the lagging vector, a condition opposite 
to that above defined.^ Or, keeping the direction of rotation 
positive, we may assume that the vectors are fixed in their plane ; 
but that the plane of projection rotates positively at the uniform 
angular velocity oj. Thus in Fig. 3, the two vectors 0 E and 
0 I may respectively represent, as before, the impressed e.m.f. 
and the current in an inductively reactive circuit. If these two 
vectors remain fixed; but the axis —XOX, and with it the 
plane of projection Z 0 X, rotates in the positive direction, 
of the curved arrows, about the O Z axis, the e.m.f. vector 0 E 
must make a negative angle with the lagging current vector 
01; or the pair will take relatively opposite positions to those 
they had in Fig. 2, and the angle E 0 I will be positive. 

Convention No. 3., Some writers, instead pf employing rotative 
vectors to be projected orthogonally upon an axis of reference, 
prefer to represent simple harmonic motion by the device of an 
intercepting circle.^ Thus, in Fig. 4, the heavy circle OGEE, 
in the plane X 0 F, may be regarded as stationary in space, and 
the axis 0 R, sometimes called a “ time-axis,’' rotates positively 
in this plane about the origin 0, as shown by the curved arrows, 
with uniform angular velocity co radians per second, or n revolu¬ 
tions per second, commencing at the position 0 —F, when t == 0.. 
As the axis 0 R advances, it becomes intercepted by the circle 
OG E, and forms to that circle a chord of increasing length, 
until it reaches the position occupied in the Figure by — X 0 Xy 
when the chord will have become a diameter, and the length of 
the moving axis intercepted by the fixed circle will be a maximum 
in the positive direction. As the rotation of 0 R about 0 con¬ 
tinues, the length intercepted by the circle will diminish, until it 
will be zero in the position O F. Continuing the rotation, we 
may adopt either of two equivalent conventions, between which 
writers are divided. We may either use a second circle, shown 
in dotted lines at 0 g e f, equal and opposite to the first, and con¬ 
sider this to be a negative circle, such that all intercepts upon 

2 Gisbert Kapp, “Alternate-Current Machinery ”, Fig. 7, Proc. 
Civil Engineers, London, 1889 , reprinted in Van Nostrand Science Series, 

New York, 1889, p. 27. 

3. Kapp, loc. cit., Fig. 8. 

C. P. Steinmetz, “ Alternating-Current Phenomena ,1897. 
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O R shall be considered negative, intercepts on O r being ignored; 
or, we may dispense with the second circle, and allow intercepts 
on O r to count as negative intercepts, during the second half 
of the revolution. In either case, the length of the intercept on 
the moving axis will follow a simple harmonic law, according to 
the expression O E sin cot units of length, O E being the diameter 
of the intercepting circle. 

If the rotating axis starts, at time if = 0, from the position 
— X O X in Fig. 4, the length intercepted by the fixed circle 
will likewise follow a simple harmonic law according to the 
expression O E cos cot. 



Fig. 4. 




Jr” «t 'll * “"P*' 

e.„ “.rrrjora:';™ t 
J „ jL 'iLfpS'"rJrjr/j 

drde 0 / „a,re a p„si.i;e ««J J J J JTJ “J*;' 

0 E. order that the intercept on the current SrL sl j “1 

Its maximum later than the interment .nr, +1, ^ 

lagging current, therefore requires a circle. A 

Inquires a posiUve angle EG I 
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In the practical use of convention 3. the circles are commonly 

omitW tor convenience, and are merely represented by them 

diameteis 0 E and 0 I. whiel. become respectively the s 

tionarv-vector e.m.f. and current of the diagram ^ 

As regards the use or disuse of the negative circle, as m Fig. 4, 

it is^impler to dispense with it, and to use negative intercepts 

on O F except when the positive and negative waves are not 

elmet'rica In that case, the retention of the negative loop 
symmetrical, i superposition of loops, 

simplifies the diagram, since it avoias sup p 

and ambiguity of paths. 



,.,.^Pair of rr«r.t 

‘tiS'proiS-. X0yr....ofroution. R.pr..gta- 

lion inverse. 


M A Tf WP assume that the axes of Fig. 5 
Convention No. 4. If we assu Q E and 0 I 

Pi snace but that the intercepting circles w 
are fixed direction about the center 0, 

rotate ^ to moment intercepts on some axis 

measuring off ““ respective instantaneous voltage and 

say 0 X, equal to ^ an p m f and a lagging current, 

current; then in order to 0 ^ ^nake a positive 

it will be necessary for the diame 

, r ^ 17 orri+Vi+hp diameter of 0/, or tne angle V 

angle 1 0 E with tne aia ^ According 

negative, the opposite condition to that g 
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then to convention 4, Fig. 5 would represent a current 0 I lead- 
mg the e.m.f. 0 E by 90 degrees/ 

Convention No. 4 does not seem to be in use, but is intro- 
see'^TablTir^ classification symmetrically, 


TABLE II 


Convention 


Type 


I 

o I 

■Si ^ 

o 

pU 

§i ^ ' 

o ° 
Jp p 
■w o 

»- 'IH 


to 

<U (10 

■s p 

ro.S 
C -w 

y <V cj 

o 

O OJ 
o ■*-> 

t- « 
aJ < 


o 

S -4 
• •-I 

o 


9 1 B 

Direction of rotation 

Plane of projection 

fJ 

Fixed R 

V 

Rotating 

/ 

^^otating 

1 “* 

Fixed R( 

(-1 


f ^ 


1 - 



rrams 


w 

Ui 

O 

4-9 

o 

(U 

> 


OT 
(U 
*—( 
o 

<-l 


bo 

C 

+3 

a 

<u 

<u 


(h 

o 

4-4 

> 


p ^ 

CO 

O > 

fcq43 
^ o 

<U ;3 

'bc'S 

<5 


u 

tt) 

M 


Fixed 
Rotating 
Rotating 


Fixed 


IL> 

to 

d 

M-l 

o 

o 

4-9 

CO 

Q 


d 

> 

•*.4 

4J 

O 

d 

T) <0 
C o 
d 

*d t'i 
« 0) 

•Jo £ 
to 
(U 

Ui 

a 

X 




Rotating 
Fixed 
Fixed 


c 

o 

• -4 
4 J 

cO 

4-9 

d 

d 

to 

d 

L4 

a 

d 




Fleming 

Blakesley 


+ 

+ 




Rotating 

I 


Kapp 


Kapp 

Steinmetz 


1887 

1SS9 


1SS9 


1.0( 

1893 


r + jx 
r + j X 
r - j X 
r-jx 


r -1 X 
r-jx 
r + jx 
r + jx 


o 

d 

u 

Q 


d 

w 

t-l 

d 

> 

d 


d 

to 

u 

d 

> 

d 


Q 


4 > 

Representation op Complex Harmonic Quantities 

'""I; 

__ _^ aiagram , cannot be used in 

1. The above four conventions bv nr, rr,a„ ~i 
of rotative-vector representation. For examnl/« Possibilities 

ceptive or polar representation, we might assume’the f 
of Pig. 6 to have their diameters on onff T.l ^ O E, OI 

angularly displaced. Two angularly rotting 4130 ^^ being 

be employed for e.m.f. and 

single rotating vector O R With such -EJ instead of the 

current 0/ would make a ne^lti/e angr^'X"'’ 
or, would reverse the relation! of Fig 5 That ^ T ^ 

direct representation. Since, however this methori ^ Produce 

b~» .«:d, i. i. Cl„i£rirb“ '“™ 
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such cases.^ It is true that the simple projecting-circle or clock- 
diagram, with uniform angular velocity of the radius vector, 
cannot represent a non-sinusoidal or complex harmonic wave; 
just as it is true that the simple intercepting circle, with uniform 
angular velocity of the radius vector, cannot represent a complex 
harmonic wave. But in the same manner that a change in the 



Fig. 6.—Sinusoidal wave and its'projecting circle and its 

intercepting circle. 


form of intercepting curve will permit of any complex wave being 
presented in polar coordinates, so a corresponding change in the 
form of the projecting curve will permit of the same result. 
Thus in Fig. 6, the sinusoid A B C D, drawn to rectangular 
coordinates, may be represented either by the projecting circle 

1. Alternating-Current Phenomena, by C. P. Steinmetz, 4th Edition, 
1908, p. 44. 
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bj c, d,, or by the intercepting circle a,, b„ c,, d,,, with or 
without its dotted neighbor. Similarly, in Fig. 7, the triangular 
wave A B C D, drawn to rectangular co-ordinates, may be repre¬ 
sented either by the projecting curve b, c, d,, or by the inter¬ 
cepting curve a,, b„ r O, with or without its dotted neighbor. 

The relation between corresponding radii on the polar curves 
is ^"always: 



Fig. 



7. Triangular wave, its projecting curve, and its 


intercepting curve. 


where 0 r x, the radius vector (Figs. 6 and 7) of the intersecting 
curve, at the angle 6 with the initial line of reference, and ol 
IS the corresponding radius vector of the projecting curve 
Consequently, having given either the polar projecting curve or 
the polar intercepting curve of any complex harmonic alter- 

wave, the other can be immediately deduced. 

It will be evident from the above considerations that with a 
pair of rotative vectors (Fig. 8) in the plane Z O F one 0 £ 
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representing an impressed e.m.f., and the other 0 I the resulting 
current, in a simple alternating-current circuit, the question as 
to whether 0 / is to be interpreted as a leading or a lagging 
current does not depend upon the use of projecting as against 
intercepting curves. It may be either a leading or a lagging 
current with either the “ clock ” diagram (Fig. 1) or the “ spec¬ 
tacles ” diagram (Fig. 4). It depends entirely upon the con¬ 
vention employed. If, with a projecting curve, the two vectors 
of Fig. 8 rot ate (in the positive direction) as in convention No. 1, 
then 0 I represents a lagging current. If on the contrary, the 
vectors are to be considered as stationary, and the axis of refer- 



Pjq. g —Vector e.m.f. and current in simple alternating-current circuit. 
The current is either a leading or a lagging current according to which 
convention used in vector representation. Isometric projection. 
X 0 Y plane of rotation. 


ence rotates positively with respect , to them, as in convention 
No. 2, then 0 1 represents a leading current. Again, if with a 
fixed intersecting axis 0 X, a pair of circles located with their 
rotating diameters on 0 E and 0 /, the vectors of Fig. 8 rotate in 
the positive direction, as in convention No. 4, 01 represents a 
lagging ctrrrent. Finally, if the vectors 0 E and 0 I are fixed, 
and represent the diameters of fixed intersecting circles, with 
respect to which an axis of reference rotates positively, as in 
convention No. 3, 01 represents a leading current. 

Aside from mental habit and psychological inertia, any one of 
these conventions appears to be as good as another. If the posi¬ 
tive direction of rotation is understood in all cases, each con- 
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vention appears to be logical and systematic,. It cannot be 
maintained that one or more are right and the rest are wrong. 
The question is essentially one of arbitrary convention, not of 
demonstration. Nevertheless, it is very important that the mat¬ 
ter should be settled definitely by general agreement.^ Much 
ambiguity results from the present dissension; because it is often 
difficult to ascertain, when opening a text-book in order to 
consult it, which method of representation the author follows. 
Imagine the confusion which would ensue in the worlds of pure 
and applied mathematics, if it were left to the choice of each 
writer to select which direction of the axis —XOX Fig. 8, say, 
should be positive; so that some books should be written on the 
assumption of 0 X, Fig. 8, being plus, and others on the basis 
of 0 X being minus. Or again, suppose it were left open to 
individual selection, which direction of rotation in a plane, clock¬ 
wise, or counter-clockwise, should be taken as positive. These 
arbitrary selections have long been fixed by universal agreement 
among mathematicians. Yet this is the kind of dissension which 
exists to-day in the world of vector alternating-current tech¬ 
nology.^ 

Moreover, it is not Enough that the decision should be made 
and accepted nationally. The only satisfactory decision must 
be made and accepted internationally. 

Direct and Inverse Representation 

In what follows, this paper will conform to what seems the 
majority of opinion on this matter, and 0 I in Figs. 8 and 10, 
will be regarded as a lagging current with respect to the e.m.f. 

0 E. This means adhering to conventions 1 and 4, and by 
preference to convention 1. This method of representation which, 
in the direction of positive rotation, makes a leadiyig current 
lead, and a lagging current lag, with respect to its e.m.f., will be 
called, for the purposes of distinction, divect TepTesentation, and 
the opposite method, involving either convention 2 or convention 

з, will be called inverse representation. 

Tables III and IV contain lists, which are by no means ex¬ 
haustive, of publications using direct and inverse representations 

1. The urgent need for the standardization of alternating-current vector 
rotation has been pointed out by various writers, both in this country and 
in Europe. See W. S. Franklin: A discussion of some points in Alter¬ 
nating-Current Theory. Transactions A.I.E.E., May 1903, Vol. 21, 
pp,. 589-601, and Carl Richter, Alternating-current Diagrams, Elek 

и. Maschinenbau, July 12, 1908, pp. 608, 609. 
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respectively. No attempt has been made to discover more pub¬ 
lications using one method than the other, and in the search 
that led to the formulation of these lists, no publications which 
contained vector diagrams were discarded, except such as made 
it difficult to decide which method was followed. The fact that 
42 publications appear in the list of direct representation and 24 
in the list of inverse representation, indicates a distinct pre¬ 
ponderance in favor of direct representation. The dissension 
•is not confined to any single country, or group of countries, and 
it dates as far back as 1889 at least. 


TABLE III 

Publications Employing Direct Representation of Alternating-Current Vectors 


Name of publication 

1. Conductors for Electrical Dis¬ 

tribution. 

2. Electrical Engineer’s Pocket 

Book 


4. Standard Handbook for Elec¬ 

trical Engineers 

5. Munroe & Jamieson’s Pocket 

Book 

6. Direct and Alternating Cur¬ 

rent Testing 

7. Elements of Electrical Engi¬ 

neering 

8. Electric Waves 

9. Standard Polyphase Systems 

10. The A. C, Transformer 

11. Electric Power Transmission 

12. Problems in Electrical Engi¬ 

neering 

13. Electrical Engineering Leaflets 

14. A Laboratory Manual of 

Physics and App* El: 

15. Alternating Currents 

16. Alternating Currents 

17. Electrical Transmission of 

Ene'rgy 

18. Alternating-Current Motors 

19. The Elements of Alternating 

Currents 

20. Alternating-Current Machinery W. Esty 

21. Electrical Measurements 

22. A Text Book of Electrical Ma¬ 

chinery 

23. The Principles of A. C. Work¬ 

ing 

24. Telephone Lines and their 

Properties 

25. Experimental Electrical Engi¬ 

neering 

26. Electrical Problems 

27. The Dynamo 

28. Electricity and Magnetism 


Author 

Publisher 

Date 

P. A. C. Perrine 

D. Van Nostrand, N. Y. 

1907 

H. A. Foster 


1908 

Sheldon, Mason and 


1909 

Hausmann 


McGraw Pub. Co., N. Y. 

1908 


Ch. Griffin & Co., London 

1908 

F. Bedell 

D. Van Nostrand, N. Y. 

1909 

Franklin & Esty 

MacMillan Co. 

1909 

W. S. Franklin 


1909 

M. A. Oudin 

D. Van.Nostrand 

1909 

F. G. Baum 

McGraw Pub. Co. 

1903 

L. Bell 

u 

1907 

W. V. Lyon 

u 

1908 

Houston & Kennelly 

The Elec. Engineer 

1897 

E. L. Nichols 

MacMillan Co. 

1894 

Bedell & Crehore 

W. J. Johnston Co. 

1893 

D. C. & J. P. Jackson 

MacMillan Co. 

1896 

A. V. Abbott 

D. Van Nostrand 

1904 

A. S. McAllister 

McGraw Pub. Co. 

1907 

Franklin & William- 

MacMillan Co. 

1901 

son 

r W. Esty 

Am. Sch. Corresp. 

1909 

Carhart & Patterson 

Allyn & Bacon 

1895 

Ryan, Norris and 

John Wiley 

1903 

Hoxie 

A. Hay 

Biggs & Co, 

1897 

W. J. Hopkins 

Longmans Green 

1894 

V. Karapetoff 

John Wiley 

1908 

Hooper & Wells 

Ginn & Co. 

1902 

Hawkins & Wallis 

MacMillan Co. 

1909 

F. E. Nipher 

J. L. Boland Co. 

1895 
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Name of publication 

Author 

Publisher 

Date 

29* Alternating Currents 

C. G. Lamb 

Ed. Arnold, London 

1906 

3}. Lecons d’Electrotechnique 

P. Janet 

Gauthier-Villars 

1908 

** Gdnerale 

31. Pra tique Industrielle des Cour- 

G. Chevrier 

Carrd & Naud 

1900 

ants Alt: 




32. Recherche El^mentaire des 

0. de Bast 

Ldon de Thier 

1899 

Relations: 




33. Distribution de I’Energie par 

J. Rodet 

Gauthier-Villars 

1903 

Courants Polyphases 




34. La Technique de la HouiUe 

E. Pacoret 

Dimod et Pinat 

1908 

Blanche 




35. Moteurs Synchrones 

A. Blondel 

Gauthier-Villars 

— 

36. Die Wissenschaftlichen Grund- 

G. Benischke 

J. Springer 

1907 

lagen der Elek: 



37. Fernleitung von Wechselstrcmen G. Roessler 

J. Springer 

1905 

38. Handbuch der Elektrischen 

Herzog & Feldmann 

44 

1907 

Beleuchtung 




39. Messungen an Elektrischen 

R. Krause 

4« 

1907 

Maschinen 




40. Ein-imd Mehrphasen W: 

F. Niethammer 

Hirzel 

1900 

Erzeuger 




41. Der Drehstrom 

J. Kramer 

H. Costenoble 

1896 

42. La Tecnica delle Correnti Alter- 

G. Sartori 

Ulrico Hoepli 

1903 


nate 


TABLE IV 

Publications Employing Inverse Representation of Alternating-Current Vectors 

Name of Publication Author Publisher Date 

1. Dynamo-Electric Machinery S. P. Thompson Spon & Chamberlain 1905 

2. Elements of Electrical Engi- C. P. Steinmetz El. W. & Engr. 1902 

neering 

3. Electrical Energy E. J. Berg McGraw Pub. Co. 1908 

4. Whittaker’s El. Engr’s. Pocket Whittaker & Co. 1906 

Book 

5. Electrical Engineering Thomalin Longmans Green 1907 

6. Electrical Engineering Rosenberg, Gee & John Wiley 1908 

Kinzbrunner 

7. The Induction Motor B. A. Behrend El. W. & Engr. 1901 

8. Transformers Gisbert Kapp Whittaker & Co. 1908 

9. Vectors and Vector Diagrams Cramp & Smith Longmans Green 1909 

10. Alternating-Current Engineer- E. B. Raymond D. Van Nostrand 1907 

ing 

11. Polyphase Currents A. Still Whittaker & Co. 1906 

12. Practical Calculation of Trans- L. W. Rosenthal McGraw Pub. Co. 1909 

misrion Lines 

13. Electrical & Magnetic Calcula- A. A. Atkinson D. Van Nostrand 1903 

tions 

14. Laboratory & Factory Tests in Sever & Townsend “ 1907 

El: Engg: 

15. Electricity and Magnetism Foster & Atkinson Longmans Green 1896 

16. Electric Motors H. M. Hobart Whittaker & Co. 1904 

17. Single-phase Commutator Mo- F. Punga “ 1906 

tors. 

18. Essais des Machines Duquesne et Rouvi^re Beranger _ 

19. Stromverteilungssysteme P. Hafner Janecke 1906 

20. Untersuchung elektrischer H. Hausrath J. Springer 1907 

Systeme. 

21. Der Drehstrommotor J, Heubach J. Springer 1903 

22. Die Wechselstromtechnik E. Arnold “ 3^902 

23. Ruhende Umformer V. Bondi Janecke 1908 

24. Impianti Elettrici a Correnti A. Marro V. Hoepli 1907 

Alternate 
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Example of a Non-rotative Vector 


A simple example of a non-rotative vector is an ordinary 
impedance of the type ^ /d ohms, as indicated in Fig. 9. An 
ordinary impedance does not pass through zero cyclically, like 
an alternating e.m.f. or current, and no practical use is at present 
derivable from the notion of rotating a vector impedance about 
its origin. In direct representation, the impedance of Fig. 9 
is essentially an inductive impedance, as distinguished from a 
condensive impedance. That is, it represents the impedance 
of some particular reactance coil. With inverse representation, 
however, it would necessarily represent a condensive impedance, 
or the impedance of some particular condenser, operated at a 
certain frequency, in series with a certain resistance. 

Impedances, admittances, reluctances and permeances, when 
treated as vectors, are essentially non-rotative vectors. 

Quantitatively, the application of a non-rotative vector to a 



rotative vector as a multiplying factor 
alters both the magnitude and the 
phase of the resultant rotative vector, 
without altering the frequency or 
angular velocity of rotation. Thus 
the relation: 

I [(^ X Z /dj=I Z /cot 4- d volts /_ (8) 


Fig. 9. —Non-rotative vector 
inductive impedance. Di¬ 
rect representation. 


indicates that the product of a vector 
current I amperes, rotating with the 
angular velocity co radians per second. 


and a vector impedance of Z ohms, with the fixed angle 6 radians, 


gives rise to a vector voltage I Z, rotating with the same angular 
velocity as /, but advanced 6 radians in phase beyond 7. The 
orthogonal projection of the voltage product will follow a simple 
harmonic motion, d radians advanced in phase with respect to the 


corresponding motion of 7. 


Degradation op a Rotative Vector into a Stationary 

Vector 

It frequently happens that a quantity which is capable of being 
regarded as a rotative-vector quantity, needs only to be desig¬ 
nated as a vector in respect of phase relation to another vector 
or vectors; as, for example, when a simple harmonic alternating 
current, of say 10 amperes r.m.s., is desired to be designated as a 
vector laggi^ng, perhaps 37 degrees in phase, behind a simple 
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harmonic impressed e.m.f. of 100 volts r.m.s. It would be possible 
to give a direct representation of this condition as in Fig 2 with 
a rotative vector 0 E oi 141.4 volt-scale length, followed at 
^ rotative vector 0 / of 14,14 ampere-scale length. 
But if there is no necessity for drawing attention to the ortho¬ 
gonally projective properties of these vectors, they may be 
represented as a simple non-rotative pair, 0 E, O I, Fig, 10, 
in which case it is convenient to use their virtual or root-mean- 
square values, instead of their maximum values. We may con¬ 
sider that, quantitatively, this diagram represents the following 
conditions: 


OE ^ OI X Z /37^ 

and 

O I = O E ^ Z I ZT 


volt-scale cm. / (9) 


ampere-scale cm. /__ ( 10 ) 


That is, there is some non-rotative 
vector impedance of 10 /37° ohms 
which connects, by Ohm’s law, a 
virtual e.m.f. of 100 volts with a 
virtual current of 10 amperes lagging 
37 deg. behind it. 

In general, therefore, a non-rotative 
vector operator, such as an impedance. 




\ 




\ 


\ 




\ 








N. 


Fig. 10.—E.m.f. and lagging 
current. Stationary vectors. 


multiplied into a rotative vector, produces a rotative vector of 
changed amplitude and phase, but when multiplied either into a 
pure non-rotative vector, or into a stationary vector, produces 
a non-rotating vector of changed amplitude and phase, according 
to the property of multiplication of complex numbers: 


a/^ X h /^ — a h/a-\-^ numeric / (11) 


Power in Simple Alternating-Current Circuits 
It is well known that if a simple harmonic e.m.f. E^ cos wt volts, 
where E^ is the maximum cyclic value, propels a simple harmonic 
current oos{ajt±d) amperes; so that the e.m.f. and current 
differ in phase by the positive or negative angle 6, the electric 
power developed in the circuit by the source of e.m.f. on the 
current is at any instant: 




{cos <9+cos {2o}t±Q) I 


watts ( 12 ) 


= E I { cos ^ + cos {2ci)t± 6) } 


( 13 ) 
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where E and / are respectively the virtual or root-mean-square 
e.m.f. and current; or if p be the product £ 7, of root-mean- 
square volts and amperes: 

pt^ P jcos cos {2ojt±d )} watts (14) 

Consequently, any projective or interceptive rotating vector 
which represents the power in a simple alternating-current circuit 
must possess an angular velocity double that of the e.m.f. or 





Fig. 11.—Rotative vector e.m.f. and current in inductively impedant 
circuit with double-frequency rotative vector power. Power factor 
0.5. Isometric projection. Direct representation. XOY plane of 
rotation, X 0 Z plane of projection. 

current. Moreover the origin or axis of the rotating vector 
power must be displaced from the origin of the e.m.f. and current 
components. 

It has been pointed out by Mr. J. Irving Brewed that a 
construction which satisfies the rotative-vector power relations 
is to lay off 0 E, the maximum cyclic e.m.f., along the O X axis, 
(Fig. 11) and 0 7 at the proper phase angle; in the case presented, 

1. “ Electrical World ” Jan. 21, 1909, Vol. 53, No. 4, pp. 217-218. 
Inverse Notation. 
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X 0 P. Then on 0 P at a point P',such that OP' = El, 
to watt-scale, is the center of the rotating power vector which 
starts with doubled angular velocity from the position P' P, at 
the moment when Eq starts from 0 X, and Iq from 0 P. 

Under these conditions, the three rotating vectors will project 
on the fixed axis — X 0 X, and on the moving plane X 0 Z, 
the respective instantaneous values of power, e.m.f. and current. 

Non-rotative Vector Power 

If a simple harmonic current of / root-mean-square amperes 
flows through an alternating-current circuit of impedance 
R + j X = Z /a ohms, (AC, Fig. 12), the root-mean-square 
potential-difference E volts on the circuit will be obtained by the 
operation: 

EJ a = //Ox Zj a = IZj a root-mean-square volts /_ ( 16 ) 

Here I is taken either as an ordinary real number, or as a plane 
vector number of zero angle, and therefore at standard phase. 
That is, I is taken as a stationary vector, so that E is also a sta¬ 
tionary vector e.m.f., (D F Fig. 12), advanced in phase a radians 
or degrees ahead of the current. The real component D E, is 
the effective root-mean-square component of potential difference, 
so far as concerns the average liberation of power from the 
source into the circuit, and the imaginary component E F = 
j I X, is the reactive root-mean-square component potential- 
difference, or the component which develops reactive power on 
the current. This reactive power is directed from source to 
circuit, and back again, in one power cycle, or in one half-cycle 
of current. 

Again, if we multiply the non-rotative vector p.d. D F hy the 
stationary, vector current, according to the formula: 

P/a = I /O X Ef a = 1 Ef a = E I/^ watts^ ( 16 ) 

we obtain a stationary vector power G K, advanced a degrees 
or radians ahead of the current. This power is the apparent 
power, commonly called volt-amperes. It is perhaps practically 
advantageous to call the unit of apparent power the volt-ampere 
in order to distinguish apparent power from effective power in 
engineering; but a volt-ampere is essentially a watt, and the 
apparent power is correctly stated as apparent or resultant watts, 
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the vector sum of effective and reactive wattsh The effective 
component G H the average power delivered to the circuit 
by the generator, and is usually called the “ real power The 
reactive power H iT is, however, when considered from within 
the circuit, just as real as the effective power G H; 
so that the term “ real power ” is unsuitable. The reactive 
power H K is the maximum cyclic power expended in transmitting 
energy into and out of the magnetic flux linked with the circuit, 
being alternately plus and minus, or from and to the generator, 
in successive quarter cycles of current. This energy is kept in 
the circuit; whereas the effective power H G transmits energ}^ 
out of the circuit. The maximum reactive cyclic power H K 
is all internal. The effective power G H is the average of that de¬ 
livered externally, is the cyclic average of the instantaneous total 
internal power, and is also the maximum cyclic value of the 
externally delivered power. 

Finally, if we divide the stationary vector power by 2 ac¬ 
cording to the equation: 


W!a = P[a / (2w) joules per energy cycle [_ ( 17 ) 


we obtain the stationary energy vector L N. This is the maxi¬ 
mum cyclic apparent, or resultant oscillatory, energy delivered by 
the generator to the circuit in each energy cycle, over and above 
the average effective energy delivered at the rate G H. The per¬ 
pendicular component M N is the maximum cyclic change of reac¬ 
tive energy in the magnetic flux of the circuit. The horizontal 
component L M is the maximum cyclic oscillation of effective 


energy. 

A practical example will illustrate the above conditions. l\'e 
may assume a large single-phase 60-cycle alternator delivering 
at its switchboard eight megawatts (8,000 kw.) of effective power, 
and three megawatts of reactive power, or 8.544 apparent mega¬ 
watts, under a power factor of 0.936. _ If the delivered current is 
4,000 amperes, its terminal voltage will be 2,136 volts. 

The stationary-vector power diagram for this generator is 
shown at GHK in Fig. 12. The analysis of the circuit con¬ 
ditions is given in Fig. 13, to rectangular coordinates and to 


' 1 A useful diagram of this typ^essentially a stationary-vector power 

iiagram—appears at page 54U ot Mr. rercy xi, xixu / 5^ ^ ^ 
iation of the High-Tension Line”. Proceedings of A.I.E.E., Ju , 


1909, 



1254 


KEN NELLY: VECTOR POWER 


[June 29 


sinusoidal current phase. The current I has a maximum cyclic 
strength of 4000\/2, 5,656 amperes. The potential dif¬ 

ference E is ahead of the current by a — 20.6 deg. It is analyzed 
into the effective component {D E Fig. 12) of 2,000 volts 
root-mean-square, or Ef = 2,828 volts maximum (Fig. 13) 
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Fig. 12. —Stationary vector dia¬ 
grams of impedance, potential- 
difference, power and cyclic 
energy in an alternating-cur¬ 
rent circuit to phase of current 
as standard. 


Fig. 14.—Stationary vector dia¬ 
grams of admittance, current, 
power and cyclic energy in an 
alternating-current circuit to 
phase of potential-difference 
as standard. 


and the reactive component E F of 750 volts root-mean-square 
(Eji 1061 volts maximum). The product I Ef produces the 
effective power Pf of eight megawatts amplitude, {G H Fig. 12) 
above and below the average of eight megawatts. The 
product / Ek produces the reactive power P^ of three megawatts 
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amplitude {H K Fig. 12). The sum of these two quadrature 
power components is the total apparent power / jE = P of 8.544 
megawatts aloove and below the mean P^. 

The reactive power Pk is associated with a cyclic energy 
change of = 0.3979 myriajoule = 3,979 joules = 405.6 kilo- 
gram-meters or 2940 ft-lb. This energy (M N Fig. 15) is stored 


SECOND 0.005 0.01 0.015 



!Fig. 13. —Analysis of potential-difference, power and energy to current 

as standard of phase. 


in, or removed from, the magnetic flux of the circuit in one 
quarter of an energy-cycle, or one eighth of a current-cycle 
(0.00208 second) over and above a steady stock of energy o o 
(Fig. 13) of equal amount. The total magnetic energy in a cur¬ 
rent half-cycle is therefore; 

2 = P X/co joules per cycle of current ( 18 ) 
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or 7958 joules (0.7958 myriajoule), at 90 deg. and at 270 deg. of 
current-phase. 

The effective power Pf is associated with a cyclic energy 
change of Wf = 1.061 myriajoule in each cycle (L M Fig. 12) 
above and below the average of eight megajoules per second, or 
13.333 myriajoules per current cycle, delivered by the generator 
outside of the circuit. 


SECOND 0.005 0.01 0.015 



Fig. 15.—Analysis of current, power and energy to potential-diiference 

as standard of phase. 


The total cyclic energy change is W = 1.133 myriajoule 

(■^ ^ ^2) Q-bove and below the average of 6.667 myriajoules 

per energy cycle. 

Fig. 12 contains, therefore, a non-rotative impedance triangle 
A B C of ohms, a stationary potential-difference triangle D E F 
o^ root-mean-square volts, a stationary power triangle G M K of 
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maximum cyclic or amplitude watts, and a stationary energy 
triangle L M N oi maximum cyclic or amplitude joules. These 
four non-rotating vector triangles pertain to every alternating- 
current circuit, considered with reference to the stationary vector 
current I /O root-mean-square amperes. If the circuit contains 
condensance, instead of inductive reactance, the four triangles 
will all be inverted, with negative reactive quantities, or of the 
geometrical type indicated in Fig. 14. If the current and p. d. 
in the circuit are sinusoidal, then all of the 18 vector quantities 
involved will be strictly interpretable by simple harmonic theory. 
If the current, or the potential-difference, or both, are only 
approximately sinusoidal, the vector triangles may still be com¬ 
puted, and they permit of being considered as “ equivalent sinu¬ 
soidal triangles.^ In this case, however, the various vector 
quantities cease to be strictly interpretable physically. Finally, 
if the current or potential-difference, or both, depart widely 
from the sinusoidal type, the vector triangles, although still 
existing logically and geometrically, may fail completely to be 
interpreted physically. That is, the vector impedance, voltage, 
power and energy may be inconsistent with the physical con¬ 
ditions. In such cases, it is necessary to analyze the current and 
potential-difference into harmonic components, develop a series 
of vector triangles, one for each component, and aggregate the 
'separate effects.^ 

If in a single-frequency (simple harmonic) circuit, the im¬ 
pedance triangle be given and the root-mean-square current, the 
other three vector triangles of E, P and W, follow immediately, 
and without any ambiguity. That is, the stationary-vector 
series Z, E, P and W is unique. But if either the power or energy 
triangle be given initially, the Z triangle which follows therefrom 
is ambiguous, because there may be condensance associated 
with the reactance, either in series or parallel, and a doubly in¬ 
finite system of circuits could therefore be devised that would 
satisfy the W, P, and E vectors. The only definite conclusion 
in such a case is that the reactance preponderates over the 
condensance to the amount indicated by the X of the Z triangle. 

If one or more impressed counter-electromotive forces exists in 

^ __ 

1. Steinmetz, “The Law of Hysteresis", Transactions A.I.E.E., 
May, 1894, Vol. 11, pp. 570, 616. 

2. Steinmetz, “ Symbolic Representation of General Alternating 
Waves and of Double-Frequency Vector Products", Transactions 
A.I.E.E., June, 1899. Vol. 16, pp. 269-304. 
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the circuit, as. for example, that of a synchronous alternating-cur¬ 
rent motor, the Z diagram that follows from a given I^ diagram 

and current I, is logically consistent, and may be practically use¬ 
ful, but is purely fictitious. 

If instead of taking the phase of the current as standard, we 
take the phase of the potential-difference as standard, we ex¬ 
change S/0 for Z/O as the fundamental stationary vector, and 
we obtain the four stationary vectors Y,I, and W of l<ig. 14, 
connected by the relations: 


1 \a = E-/0 . Y \ a root-mean-square amiieres 


P \ 


a 


'If / \j * 


I \a 


W \a = (F \ «)/(2 lo) 


max. cyclic watt.s / 


max. cyclic jouli 


/ 


It will be observed that the P and It triangles in tig. M aie 
inverted by comparison with tliosc in Fig. 12^ and yet the same 
singlC’phase alternator is supposed to be operating on ilu* same 
circuit in each case. The anomaly is explaiiu‘d l>y tla* fact that 
as shown by Figs. 13 and 15, the resultant |Knvei tau ve/ lii*s in¬ 
termediate in phase between the current curve / and tlic potential- 
difference curve E, so that while the power is leatiing vviili ri»S|Hwt 
to the current, it is lagging with. res{)eet to tlu‘ |HU,eidial'alit>"' 
ference. Consequently, the stationary i:>owi*r vectf'*r oi ^ an 
alternating-current circuit has, with dirt‘ct riqua'Stadaiiiiai, 
either a negative or a positive angle, according as ttic |,)liasi! of 
one or other of the two quantities K and I is taken as stamlafil, 
as well as whether the circuit is reactive or (miulcnsivio 

By comparing Figs. 13 and 15, it will be mm. tliat, the tnirves 
£, /, P and W, or resultant potentiabdifference, current, powi*r 
and energy, all correspond, or may be siq^erposed eacli on eindi; 
but the components Kf, Ek, /;» Ih F/, Pk and Wf, lie on re¬ 
versed sides of their respective resultants in tlus two figiiri*s, as 
called for by-the two sets of stationary»vector diagrams in Figs. 
12 and 14. 

It follows therefore that the P and W .stali()iiary-vt‘i:t«>r dia¬ 
grams exist in two mutually inverted forms for every si 
irequency alternating-current circuit; whereas llie li, /, '/. assd 1 
stationary-vector diagrams are single, their position (ertH*t itr 
inverted), depending upon whether tlie circuit is inductively or 


:;U‘- 

/ 
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condensively reactant, as well as upon whether direct or inverse 
representation is employed. 

Rotative Properties of the Stationary Vectors E,/, P, 

AND W 

In Fig. 12 the vector E = / Z is taken as stationary; but it 
is of course capable also of being considered as a rotative vector, 
rotating about the vertex E, with the angular velocity o). In 
that case, the three voltages E, Ef and Ek should each be in¬ 
creased in the ratio of \/'2 should be changed in scale, in order 


Y 



I 

I 

-Y 

Fig. 16.—-Rotative vector power diagram for current standard phase. 

that their orthogonal projections on a stationary reference 
axis, or interceptions on a stationary circle, should correspond 
to the several instantaneous voltages of.impressed potential- 
difference, effective potential-difference and reactive potential- 
difference. 

; In Fig. 12 the power vector P = P Z is also taken as station¬ 
ary; but it is capable of being considered as a rotative vector 
without any change of scale, by rotating the triangle G H K, 

; about the vertex ET, with the positive angular velocity 2 a;. 
' This is represented in Fig. 16, w'here K is the center of rotation 


1 
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in tlie plane X 0 Y oi the paper, K g — H and the extreme 
left-hand projection of g is taken at o, as the origin of power 
coordinates, in the plane X O Z oi projection. The projection 
of K, at Pm, then marks off the steady average power of the 
system in watts, while the projection points P P, marking the 
limits of the rotating vector P Z, indicate the range of cyclic 
oscillation of the power. Thus, as shown in Fig. 13, the power 
pulsates between — 0.544 and -1-16.544 megawatts once in each 
power-cycle, or half current-cycle'. Similarly, the rotating 
vector K H projects, with respect to the center P^, the instan¬ 
taneous magnitude of the reactive power Pk about the zero 
line 0 0, Fig. 13. In accordance with Fig. 13, the rotation of 
Fig. 16 is assumed to start at a moment when the vector current 
7, rotating with angular velocity, oo, if applied with its center 
on K, would occupy the direction K H. 

Similarly, if we rotate the power triangle in Fig. 14 about its 
vertex k, with the angular velocity 2 we shall obtain the same 
diagram as Fig. 16, except that the phase order of advance will 
be reversed; Pf, followed by P and Pk, instead of Pk fol¬ 
lowed by P, and P/. The orthogonal projections of these three 
vectors will then correspond to the curves P/, P and Pk as given 
in Fig. 15 to potential-difference phase. 

In Fig. 12, the energy vector W = P Zf(2aj) is also taken as 
stationary; but it is capable of being considered as a rotative 
vector without any change of scale, by rotating the triangle 
L M N about the vertex N with the positive angular velocity 
2 (i), and taking instantaneous projections—not on the X X 
axis—^but on the Y Y axis, as shown in Fig. 17. Here the suc¬ 
cessive rotating vectors, Wk, and Wf project the sinusoidal 
curves Wk, W, and Wf of Fig. 13, each with respect to its own 
zero line. At the moment represented in Fig. 17, the current 
7 is supposed to start with angular velocity co from the position 
N My with center N, and to project orthogonally on the X X axis. 

Similarly, if we rotate the stationary energy triangle Imn 
of Fig. 14, about the vertex n, with positive angular velocity 
2 ojy and project upon the Y Y axis, we shall obtain a diagram 
like that of Fig. 17, except that the order of vector succession 
will be reversed, in accordance with the projected curves of Fig. 15. 

, But the rotating energy vector of Fig. 17 only projects the 
fluctuation of energy in the circuit. There is, in addition to 
this fluctuation of energy, a steady stream of energy delivered 
from the circuit, corresponding to the steady average power 
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0 Pm of Figs. 13, 15 and 16. If we represent the steady energy 
stream by the straight line 0 in. Fig. 18, which shows 8 myria- 
joules in 0.01 second, or at the rate of 8 megajoules per second, 
then the resultant oscillation of energy, by Figs. 12, 13,14,15, 
and 16, is the sinusoidal curve W W, completing two cycles in 
l/60th of a second. Superposing the fluctuation on the steady 
stream, we obtain the broken wavy line a, b, c, d, of energy de¬ 
livered from the generator against time, or current phase, as 
abscissas. It will be seen that, between 150 and 200 de^ees of 
phase, the energy flow halts, and slightly reverses. At this time, 
and at corresponding times in successive energy cycles, the 



17 .—Rotative-vector energy diagram for current standard phase. 

energy ceases to flow from the generator to the circuit; but 
ebbs back from the circuit to the generator. 

The above state of energy afiairs may be represented projec- 
tively by imparting to the center of the uniformly rotating energy 
vector AILornZ (Fig. 17), a uniform velocity of _ translation of 
Pm joules per second in the direction of the Y axis. But this is 
equivalent to mounting the energy vector on a wheel whose axis 
is at N (Fig. 19), the rotation being on the X Y plane. The 
tread radius of the wheel is made equal to Wf, to joules scale, the 
flange radius of the wheel is made equal to^ W, to joules scale. 
A point on the flange is then allowed to project orthogonally on 
the Y Y axis, as the wheel rolls on the Y Y rad at the angular 
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velocity 2 o) radians per second. The path of the moving flange 
point L, on the X Y plane, will be an oblate trochoid as shown, 
and the projection of the point, at 24 successive equal time in¬ 
tervals during the motion, is indicated on the line y y. It will 
be seen that the trochoid forms a small recedent loop at the end 
of its curve, and while the tracing point describes this loop, the 


CURRENT PHASE DEGREES 



energy projection-point undergoes a small recession. If the 

tracing plane Y O Z should move uniformly in the direction 

O -Z during the motion, the trace could be made to correspond 
to the curve a, b, c, d, of Fig. 18. 

If the circuit, instead of being inductively reactive with a 

faX rrtf (with power- 

ctor 1.0), the flange on the rolling wheel disappears. The 
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tracing point then lies on the tread of the wheel. As shown in 
Fig. 20, the tracing point describes a cycloid in the X 0 Y 
plane, and the recessional loops in the tracing path disappear. 
The energy delivered by the generator to the' circuit then halts 
at each cycle of energy vector rotation, or turn of the wheel; but 
it does not reverse. 

If, on the contrary, the impedance factor Z/R of the circuit 
increases, either inductively or condensively, the flange radius 
bears the same proportion to the tread radius. The oblate 



Fig. 19.—Projection energy of 
rotative- and rolling-vector 
energy triangle. 


y y 



Fig. 20.—Rotating-and rolling- 
vector energy for non-induc¬ 
tive circuit. 


trochoid described, as in Fig. 21, by the tracing point on the 
flange, develops larger recessional loops to the left of the line 
Y Y, with more marked reversals of motion and energy in the 
projected point. 

Analytically, if W be the flange radius, and Wf the tread radius 
of the rolling wheel, the distance of the projected point along 
yy from the initial position at which W lies parallel to the 
— XX axis is: 

Wt = Wf 2o}t+ W sin 2o)t 


joule-scale cm. ( 22 ) 
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or substituting for Wf and W their values Pfj^lo) and P/^co 
respectively, 

P 


Wt = Pft+ 


sin 2cot 


w 


joules (23) 


Pt 


dwt 

dt 


P^ + F cos 2ajt 


as already deduced from Pigs. 13 and 15. 


watts (24) 



Fig. 21.- 


-Rotative- and rolling-vector energy triangle for circuit of power 

factor 0.5, 


Finally, if the circuit be purely reactive, or resistanceless, the 
tread radius becomes zero, and the wheel spins without rollin^^. 
The path of the tracing point on the flange is then a pure circle. 
Its projection on the Y Y axis is a simple harmonic motion, 
and on the Y 0 'L plane, a pure sinusoid. 

Consequently, with suitable convention as to direction and sign 
of translatory motion, the energy given to an alternating current 
circuit may be represented by the vertically falling shadow, on 
the horizontal supporting rail, of a point on the flange of a uni¬ 
formly rolling wheel. The rate of motion of this shadow will be 






KEN NELLY: VECTOR POWER 


1265 


19 JO] 

the power given to the circuit. The average power will be repre¬ 
sented by the uniform speed of the axle. The instantaneous 
power by the instantaneous velocity of the shadow. If a second 
wheel be geared with the axle so as to rotate in the same direction 
with half the angular velocity, suitably selected radii on the latter 
wheel will represent the p. d. and current in the circuit, the 
instantaneous projections of these radii being measured on a 
vertical coordinate axis, and not on the horizontal rail. 

Conformity of the Algebra of the Alternating-circuit 

AND Continuous-current Circuits 

Finally, it should be pointed out that just as, in regard to 
impedances, admittances, currents, and e.m.fs., the algebra of 
the single-frequency alternating-current circuit is the same as 
the algebra of the continuous-current circuit, the former deal¬ 
ing with complex quantities while the latter deals with real 
quantities;^ so the algebra of both circuits is the same, or 
at least may be regarded as the same, in dealing with power. 
For the power product of an e.m.f. E/0 and a current 1/6, or 
of an E/d and a current 7/0, isE 1/6 = 1 E/6 watts and not 
EI cos 6 watts. The average externally delivered power, 
'as well as the average instantaneous power, is however 
E 1 cos 6 watts and the maximum cyclic internally-reactive 
power is E'7 sifr ^ Watts. 

Summary of Conclusions 

The algebra and geometry of vector alternating-current tech¬ 
nology, as developed in text books, are, at present, in a state of 
great and unnecessary confusion as to direction of rotation. 

The confusion has existed for more than twenty'years, and is 
not confined to any one country or language. 

Calling that representation “ direct ” which denotes a leading 
current eiS leading, in the order of positive rotation, some two 
thirds of the alternating-current text-books use direct repre¬ 
sentation, and the remaining one third inverse representation. 

T^ dissension relates to conventions and not to 

’facts. 

The directions of rotation and representation should be stan¬ 
dardized'by mutual international agreement. 

1. This law was first announced by the writer, restricted however to 
dtnpedancedrahd in the paper on “ Impedance Transac¬ 

tions A.I.E.E,, April 1893, Vol. 10, pp. 175-232. The law was speedily 
extended by Dr. C. P. Steinmetz to cover currents and e.m.fs. 
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The terms “ real power ” and " wattless power ” are inaccurate 
and misleading. 

It is readily possible to compute and discuss the power in an 
alternating-current circuit as a stationary-vector quantity, 

without reference to the double frequency of rotative-vector 
power. 

The power ■ developed by any single-frequency alternating 
e.m.f. E root-mean-square volts on a co-frequent current I/ -E 0 
root-mean-square amperes, is algebraically EI/ E d watts. 
The externally liberated power is E 1 cos d watts, and is usually 
the principal consideration in power-transmission systems. 

In any alternating-current circuit, or portion of the same, there 
are four non-rotating vectors Z, E, P, W to standard current 
phase, and also four Y, 1, P, W, to standard potential-difference 
phase, all connected by ordinary vector arithmetic, and not in¬ 
volving double-frequency products. 

The energy in a single-frequency alternating-current circuit 
follows the projection, upon the rail, of a flange-point on a wheel 
rolling along the rail with uniform angular velocity. The path 
of the flange-point is an oblate trochoid for reactive circuits— 
but is a cycloid for a non-reactive circuit. 

The algebra of alternating currents may be regarded as the 
same as the algebra of continuous currents, for power as well as 
for other quantities; so that any formula relating to direct-cur- 
rent circuits is also a formula relating to single-frequency alter¬ 
nating-current circuits, when complex numbers are substituted 
for real numbers. 


Notation Employed 


a, 6, Vector lengths (cm.). 

0, Vector angles,^or phase angles (radians or degrees). 

B Susceptance of a circuit, as a whole, or beyond a pair of points 
in the same (mhos). 

c Capacity of a condenser (farads). 


Maximum cyclic, virtual or root^mean-square, 
effective, and reactive e.m.f. in a circuit, or potential-dif- 
terence at a pair of points in the same (volts). 

et Instantaneous voltage or P. D. in a circuit at time t (volts). 

£ = 2.71828. . . . (numeric). 


G Conductance of a circuit as a whole, of beyond a pair of points 
in the same (mhos). ' " ■ 
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Zq, Z, If Ik Maximum cyclic, virtual or root-mean-square, effec¬ 
tive, and reactive current strength in a circuit (amperes). 

ii Instantaneous current strength in a circuit (amperes). 
j = — 1 (quadrantal operator). 

L Inductance in a circuit (henrys). 

I Polar radius-vector of a complex number. 
n Frequency of alternation (cycles per second). 

(i) Angular velocity of a rotating vector, or of an alternating 
quantity, (radians per second, or degrees per second). 

P, Pf, Pky Resultant, effective, and reactive maximum cyclic 
power in a circuit (watts). 

P^ Average power in a circuit (watts). , 
pt Instantaneous power in a circuit at time t (watts). 

;r = 3.14159. . .. (numeric). 

R, r, Resistance in a circuit, or conductor (ohms). 

T, A constant' time interval (seconds). 
t Elapsed time interval (seconds). 

Wj Wf, Wky Resultant, effective and reactive maximum cyclic 
energy (joules). 

Wt Instantaneous energy in a circuit (joules). 

X, X, Reactance in a circuit (ohms). 

F, Admittance, or resultant conductance, in a circuit (mhos). 

Z, z, Impedance, or resultant resistance in a circuit (ohms). 
XX, Y Y, Z Z, Rectangular coordinate axes. 
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Discussion on Vector Power in Alternating-Current 
Circuits Jefferson, N. H., June 29, 1910. 

C. P. Steinmetz: The standardization of vector notation 
in alternating current theory is of importance. Considering 
the difficulty which college students often have to get a con¬ 
ception of one method of vector notation, the existence of two 
methods, of which the one appears the reverse of the other, 
evidently is very regrettable. A standardization of vector 
notation would therefore be very desirable, if feasible. The 
difficulty is, that we are here in the field of applied mathematics, 
and in mathematics, the right of priority, and resulting there¬ 
from an international.method of notation, is generally recognized. 
Thus, whatever standard we select, must conform with the 
existing standards of mathematics, as it obviously would not be 
reasonable to expect all other sciences to change their notation 
to conform with our standards; and inversely, no action of ours 
could exclude from use in electrical investigations, methods 
which are standard in other sciences. 

To explain the situation, we may for a moment discard all the 
various conventions of vector analysis, which have been pro¬ 
posed in electrical engineering, and go back to the starting point, 
the conventional methods of elementary mathematics, which the 
student brings with him when he enters the field of electrical 
engineering. 

In analytic geometry we become familiar with the representa¬ 
tion of geometrical figures, curves, etc., by rectangular co¬ 
ordinates. Then we learn a second method of representation, 
by the system of polar co-ordinates, in which the angle represents 
the independent variable, the radius the dependent variable. 
We find that the polar co-ordinate system is especially con¬ 
venient and suitable for periodic functions. 

Entering the field of electrical engineering, we meet in the 
alternating current a function of time, and naturally represent 
it graphically in rectangular co-ordinates, with the time as 
abscissae and the current, or voltage etc., as ordinate, by a 
wave line, the usual sine wave, as shown in Fig. 1, which is 
familiar to all, even the non technical men; or, if we happen 
to deal with a current which is not a sine wave, by a wave line 
of some other shape, for instance like Fig. 2. Such are the 
records given by the oscillograph. 

Now we realize that the alternating current is a periodic 
function of time, and that periodic functions are more conven¬ 
iently represented by polar co-ordinates. We thus plot the 
current wave in polar co-ordinates: the angle, 4> in Fig. 3, is the 
abscissa of the rectangular co-ordinate representation Figs. 1 
and 2, that is, the time /; the radius i is the ordinate, the current, 
voltage, etc. This gives us as the polar curve, that is, the repre¬ 
sentation in polar co-ordinates, of the sine wave Fig. 1, the 



1910] 


DISCUSSION AT JEFFERSON 


1269 


circle Fig. 4; the distorted wave of Fig. 2, that is, a wave dif¬ 
fering from a sine shape, gives in polar co-ordinates a curve 
differing from a circle. Fig. 5. 

Thus far we have followed the existing international con¬ 
vention of mathematics, and thus far therefore no occasion nor 
possibility exists for electrical standardization, but we follow 
the already existing and immovable standards of mathematics. 

In many electrical problems, we can replace the distorted 

i 



wave, Figs. 2 and 5 respectively, by its equivalent sine wave. The 
polar circle, which represents the equivalent sine wave, is easily 
derived from the polar curve Fig. 5. It is a circle having the 
same area as the polar curve of the distorted wave. Fig. 5, and 
its diameter is the bisector of the area of curve Fig. 5. Thus the 
representation in polar co-ordinates lends itself very conveniently 
to the determination of the equivalent sine wave and the effec¬ 
tive value of the wave. Irrespective of any further use in 


« 

I 




Fig. 3 


vector analysis, the polar co-ordinate system of representation 
thus is largely employed for deriving the effective value of a 
distorted wave, and, with the increasing use of the osciUo^aph 
will be increasingly used. Thus, m wo^ng up osc ^ 
records, the curve given by the oscillograph (for instance Fig. ) 
is replotted in polar co-ordinates (Fig. 5), its area measured by 

is the effective value 


planimeter, and this area, divided by 2 
of the distorted wave, or the value of its equivalent 


Sin ft wave- 
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The circle, Fig. 4, thus is the representation of the sine wave, 
or of the equivalent sine wave of the distorted wave, in polar 
co-ordinates. 

In those electrical problems, in which we do not have to deal 
with the instantaneous values, but with the current as a whole, 
TC may omit drawing the circle, but merely give its diameter,’ 
0 / in Fig. 6. Thus, as a natural sequence of the standard methods 



Fig. 4 



of analytic geometry, we get in the diameter (77 of the polar 
circle the vector represe^ation of the alternating current, volt¬ 
age, etc. The length 01 then represents the intensity, its 
angle AO I the time, at which the maximum value of the cur¬ 
rent occ^, that is, its phase. If then, in Fig. 6, oTz is a current 
vector, OEs. voltage vector. Fig. 6 completed by drawing the 
polar circle with 01 and 0£ as diameters, gives in Fig. 7 




the current wave i, and the voltage wave e in polar co-ordinates. 
As shown in Figs. 6 and 7, LA 01 is greater than LA 0 E: 
that IS, the current * reaches its maximum, and thereby also any 
other point of the wave, at a later time, /— A. 01, Then the 
voltage e reaches its maximum (and thereby also any other 
corresponding point of the wave) at LAO E. That is cur¬ 
rent 1 lags behind voltage e in Figs. 6 and 7. 
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When, some twenty years ago, I desired to represent alternating 
waves graphically, I thus used this method as the customary 
and thereby obvious method of dealing with periodic functions 
in analytic geometry, rather than attempting to devise a new 
and different method. 

Such a different method has however been devised, in the 
crank diagram, and is used to a considerable extent. It is the 
method preferred by a number of engineers, but which always 
appeared to me as rather forced in its derivation, and thus more 
difficult for the student to get a really good conception of it, 
as it has no relation to the representation of alternating waves 
in rectangular co-ordinates (Figs. 1 and 2), which after all is the 
most obvious and intelligible, and therefore most generally under¬ 
stood method, though less suitable for theoretical investigation. 

In the representation by the crank diagram, we discard alto¬ 
gether the usual representation in rectangular co-ordinates, as 
for instance given by the oscillograph, and proceed to devise a 
new method: Let, in Fig. 8, a line 07 be drawn, which by its 
length represents the maximum value of a sine wave of current. 




and assume, that this line 01 revolves uniformly, like the crank 
of a reciprocating steam engine, making one revolution per 
cycle. Then the projections of 0 / on the horizontal represent 
the instantaneous values of the current. At the moment of 
time, when the revolving vector oi passes the horizontal OA, 
the wave reaches its maximum; at the moment, when it passes 
the vertical, the wave reaches its zero value. If, in Fig. 9, 
Ol and OE represent respectively a current and a voltage 
in the crank diagram, in the relative position shown in Fig. 9, 
OI lags behind 0E, since during its rotation it passes the 
horizontal 0^ later, than 0 E passes it. As seen, the ^ crank 
diagram, Fig. 9, is the reverse, or the image of the polar diagram 
Fig. 6, and to the casual inspector, familiar with one of the 
diagrammatic representations, the other diagram thus looks 
as if it used a rotation in opposite direction, that is, clockwise. 
This obviously is not the case, but both types of diagrams use 
counter-clockwise as positive direction. 

One of the main objections to the crank diagram is, that 
it is suitable only for sine waves, and with the increasing im- 
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portance of wave shape distortion, and the increasing necessity 
of studying distorted waves, resulting from the rapid extension 
of the use of the oscillograph, this appeared to me as a very 
serious objection. To assume, when dealing with distorted 
waves, that the vector of the crank diagram revolves with a 
varying speed, or that during its revolution it shrinks and ex¬ 
pands in accordance with the deviation of the wave from sine 
shape, leads to such complication as to be impracticable. This 
limitation to sine waves appears to me as one of the main 
reasons, why a standardization of the crank diagram could not 
fulfil the purpose of securing uniformity of notation, by elim¬ 
inating the polar diagram, since the latter would still have to 
be used when dealing with distorted waves, as for instance when 
working up oscillograph records, etc. 

As regards to the terms direct representation and “ in¬ 
verse representation ”, used for distinguishing the two methods 
of representation, these terms obviously are relative only, 
and either representation would appear as inverse representa¬ 
tion to the engineer familiar with the other representation. To 
me the polar diagram, which uses the time as co-ordinate, in 
representing the periodic function of time, always appeared as 
the more direction representation, and the crank diagram, which 
introduces mechanical rotation as intermediary, appeared as 
rather an indirect representation of a function of time, and I am 
somewhat of the opinion that the crank diagram owes its exis¬ 
tence to the notion of mechanical analogy with the motion of 
the reciprocating steam engine, but it does not appear to me 
desirable to tie our standard electrical notation to conceptions 
of steam engine design, but rather to use the established con¬ 
ventions of mathematics, that is, the standard system of polar 
co-ordinates. 

The second topic discussed in Dr. Kennelly^s paper is a very 
interesting and ingenious method of representing power in the 
vector diagram. I am afraid however, that this method has 
the same disadvantage as the two methods of representing double 
frequency quantities, which I once devised, namely, it is rather 
complicated. This sterns to be an inherent difficulty resulting 
from the attempt to represent a double frequency quantity in a 
single frequency vector diagram. 

Gano Duim: It would be a great advantage if there were 
uniformity in vector representation, and as we have the Inter¬ 
national Electrotechnical Commission, a tribunal that has been 
organized for the very purpose of acting upon questions of this 
kind, I move that the International Electrotechnical Commission 
be asked for a ruling^ upon the standardization of the direction 
of vector representation. 

^ This will set to work a large body of authorities whose de¬ 
cisions would be respected by technical authors and those 

finding would contribute toward removing what is now a serious 
difficulty. 
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Those of us who have had the advantage of employing engi¬ 
neers brought up at the feet of Dr. Steinmetz know, when those 
engineers make a certain diagram, what it means, but there are 
nianyr other engineers educated under other auspices, who 
nieaxi just the reverse by diagrams that look like Dr. Steinmetz’s 
a^nd. the confusion is growing worse every day. 

^ The difficulty cannot be corrected all at once, but it would 
disappear in time if all future representations should follow as a 
standard, one or the other of the present forms. 

Wm. W. Crawford: As a pupil of Professor Franklin, to 
whom Dr. Kennelly has given three places in his tabulation of 
text-books, I do not feel like allowing this opportunity to pass 
without saying a word in defense of the counter-clockwise ro¬ 
tating vector diagram. In the elementary text-book of trigo¬ 
nometry which I studied, a positive angle is considered as an 
angle measured from a certain horizontal reference axis to an¬ 
other line which is rotated in a clockwise direction from the 
reference axis. The sine of the angle is defined as the projec¬ 
tion of a unit length of this line on a vertical axis, and the cosine 
as the projection on the horizontal axis. 

"When we come to the study of the alternating current, we are 
taught that it is represented by a sine curve. To my mind no 
simpler conception can be obtained than by referring at once to 
the definition of the sine function and representing our sine wave 
by the projection on a vertical axis of a rotating vector. Since 
the trigonometric vector rotates counter-clockwise the alter¬ 
nating current vector should do the same. 

John B. Taylor: The use of two confusing methods of repre¬ 
senting the same conditions in a vector diagram still continues 

-a condition which is far from satisfactory. Personally, I 

studied the direct method, but later, on going to Schenectady, 
I worked with men who had been under the influence of Dr. 
Steinmetz, and who naturally were more familiar with his 

inverse ’’ method. 

It seems fair to say that the two methods discourage many 
from reading the work of others; cause occasional errors in con¬ 
nections and mistaken predictions and conclusions, besides con¬ 
suming much time and mental effort which have some sort of a 
monetary equivalent. For these reasons I want to second the 
motion made by Mr. Dunn that the matter be brought to the 
a.ttention of the Board of Directors, for whatever additional 
formality is necessary, to bring the matter to the attention 
of the International Electrotechnical Commission, with a view 
to simplifying this double state of affairs. 

Dr. Kennelly does not like the term wattless power 
IMr. Thomas is with us to-day, and he made quite extensive use 
of the term last year—some people thought it was a very good 
term and some did not like it. Possibly some of the members 
may have looked over the Transactions of the Institution 
of Electrical Engineers and noted the objections to the term 
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in England. From their published proceedings it appears that 
objections were raised to the expression wattless power ’’ in 
the discussion of a paper, and in defense of the term Dr. Stein- 
metz was quoted. However, the man who objected to it, said 
that he did not see that any one other than a genius unfettered 
by the ordinary limitations of language’’ had title to use it. 

L. T. Robinson: I also rise in support of the motion. I be¬ 
lieve it is the right thing to have this matter referred to some 
body that will try to decide it in a satisfactory way. Although 
I have some quite definite views, which are in accordance with 
Dr. Steinmetz’s views in the matter, I think there is no need 
to put them forth at this time. After hearing the views of two 
such prominent exponents of the two different ways; at the same 
time we should have it one way or the other, and have it 
settled, and I wish to support Mr. Dunn’s motion. 

G. P. Steinmetz: I also would like to support the motion 
to refer the matter to the International Commission, because 
thereby we will have an opportunity to discuss the matter fully. 
It needs full discussion, before ah misconceptions are cleared up. 
I rotate counter-clockwise, but the quantity which revolves in 
my diagram is the independent variable, the time, and the 
vector represents the complete curve of instantaneous values in 
polar co-ordinates of time. Thus the vector of the time diagram 
does not represent an instantaneous position, a momentary 
condition of the periodic wave, but represents the wave as a 
whole, and the position of the vector is the time of the maximum 
value of the wave, or of the equivalent sine wave. Thus, on one 
point we all agree, that counter-clockwise is the positive direc¬ 
tion, but the question in dispute is whether in representing alter- 
. nating waves, we shall consider the alternating wave as repre¬ 
sented by the mechanical rotation of a revolving vector, or 
represented by the stationary vector, of polar co-ordinates of 
time. 

L. T. Robinson: I would suggest that when this matter is 
submitted to the International Electrotechnical Commission, 
that Dr. Steinmetz and Dr. Kennelly be asked to submit in be¬ 
half of this Institute a brief memorandum covering the facts 
as they understand them, to aid the Commission in coming to a 
rapid decision. 

Gano Dunn: It was my intention that the question should 
reach the^ International Electrotechnical Commission through 
the American Committee, which would transmit the request 
of ^ the Convention. Action by the American Committee in 
bringing the matter to the attention of the Commission would 
have greater weight if there were the request of this Convention 
behind it. 

It was not intended in referring the question to the Commission 
that this reference should carry with it any intimation as to 
which of the two directions of vector representation the American 
Institute of Electrical Engineers, preferred. My motion was 
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merely to get our difficulty before the Commission for such 
suggestions or ruling as they might care to make, and I intended 
that the channel through which it should be presented to the 
Commission should be the Commission’s American Committee. 
Our Committee might feel unauthorized to present the question 
unless there was some desire on the part of the Convention, to 
have it presented. 

It appeared at first that a large majority of those present 
favored direct rotation but this majority might not have been 
willing to submit the question to the arbitration of the Inter¬ 
national Electrotechnical Commission, having in mind that sub¬ 
mission involved some responsibility for acting according to 
what the Commission might find. 

As a member of the American Committee I wish to place it in 
the position of feeling authorized to ask for a ruling from the 
Commission. 

The Chairman: You have heard the motion, which is sec¬ 
onded. All in favor signify by saying Aye; contrary. No. 
(The motion was carried.) 

F. Greedy In connection with Dr. Kennedy’s very inter¬ 
esting paper on Vector Power ” a short account of a rather 
different manner of representing it, which occurred to the writer 
some time ago, may be of some interest. This makes use of the 
system of point-analysis due to Mobius and Grassmann, which 
although very well known to mathematicians, has not hitherto 
received any engineering applications as far as I am aware. 

According to this system the power flowing through a given 
circuit is represented, not by a vector, but by a point, in a 
manner slightly akin to the Steinmetz ^‘ topographic ” repre¬ 
sentation. The rule for the addition of points is, however, 
entirely different from that in Dr. Steinmetz’s system. The 
point, moreover, in this system is not a mere mark of position 
but has a number associated with it which is called its “ weight.” 
If the “ weight ” is zero the point is absent. A point may have 
a negative “ weight.” This “ weight ” is used to represent 
the effective power while the position of the point with respect 
to the origin represents the reactive power. We establish the 
following definitions by convention. 

Let Si S 2 be any two points of unit weight and Mi M 2 be 
the weights which we attribute to them. Then: 

Def. 1 Ml Si -\~M 2 S 2 ” (^Mi-\-M 2 ') S (1) 

whereWis a point having the position of the mass-center of the 
points 5i and S 2 when we attribute to them the weights Mi 
and ikf 2 . (See Fig. 1). This may be extended to any number 
of points. 

This is the law of point addition. The sum of two points is 
always in the line joining them and has a weight equal to the 
sum of their weights. 
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Def. 2. ^ The difference of two points of equal weight is the 
vector joining the points, 

A vector of course has no definite position but may be moved 
anywhere in the plane. 

Def, 3. The efect of adding a vector to a point, say S+p is 
to transport the point from one end of the vector to the other 
in the direction of the arrowhead on the vector. This follows 

at once from Def. 2. It is put here merely for convenience 
For if 

S' — S = p 

obviously 5' = 5+p See Fig. 2 

This may be applied to the representation of alternating 
current power as follows: 

Dr. Kennedy’s equation (14) is 

Pt — P {cos 6 -J- cos (2 CO t^ d)] 

This may be written 

Pt = Pease 1 1 + 0 ) ) 

( COS 0 } 


( 2 ) 

(3) 


MiSi 


(M 1+ M 2 ) S 


Fig. 1 


M2S2 
■—# 



Fig. 2 


quantities of power which contain no varying 
component are represented by one point, the origin associated 

^Tl^^Ev'f amount of power considered, 

or efectfve e?r containing no steady 

the SSnsrv represented by a vector emctly as in 

S a It shows the position at time o 

P cos ('2 di)f± fh projection on an arbitrary axis is 

and I'^reactive't.flrr‘^outaining both an effective 

to the poSt of ise '■f Py ^'Iding the vector of case II 
, ^ - case I (the origin). Before we can carrv fhic: 

out properly we must express the power as the product of th^ 
effective power, which is the weight of the point -t 

pomt. This is done in o,nati„„t) wL“ rSpiSion 


5 = 1 - 1 - cos (2a) t =fe 6) 

cos 6 
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represents a unit point at a distance - jr- from the origin 

cos d ^ 

measured along a line making an angle =*= d with the axis of 
reference. See Fig. 3. 

Hence we interpret the entire expression (3) as a point at a 
distance —^ from the origin measured in the proper direc¬ 
tion, and having a weight P cos 9. -It may be noticed that, as 
cos 6 diminishes, the point decreases in weight and at the same 
time gets further and further from the origin. When cos 6 
vanishes it becomes a point of zero weight at an infinite distance. 
Now definition I gives us the same result when applied to the 
difference of two points of equal weights, and definition II was 
introduced to remove this ambiguity. Definition II enables us 
to state that: 

“ A vector ^ is symbolically identical with a point of zero 
weight at^an infinite distance.” So that the vanishing of cos 6 
does not introduce any inconsistency but simply reduces case 
to case 11. In fact, as 9 varies the point 5 moves along 



Fig. 3 


Fig. 4 


the straight line 5 5o perpendicular to the axis of reference. 
See Fig. 4. 

Suppose we have a number of powers 


cos 9i ■] 1 -f- 


cos (2 CO t-\'9i) 
cos 91 


^ ^ j , , cos (2 w 

p2 = p2 COS t/a i 1 H-^- a - 

( cos (72 


p3 = Ps cos 03 I 1 “b 


cos 2 CO t+9s 
cos 03 


etc. ' 

these may be written, by the principles enunciated above 


mi (l+ai), m 2 ( 1 + 0 : 2 ) ws (l+as), etc. 
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^ COS (2 00 t + d) ^ 

where ai 0:2 as are the vectors representing ^ etc 

The origin at unit weight, is here typified by the scalar or num 
eric, 1 , and may be called the scalar point 
Adding these together, we get 

mi ( 1 +q:i)+W 2 il+a2)+mz (l+as) 

_ (oti+?M24-W3)+«i q:i+W 2 ai+mz az 

/ mi <^1 + ^2 012 + ^3 CXz \ 

= (mi+m2+m) ( 1 + ^ 


= M(l+a) 


The expression 


a == 


mi 0'i + W2 Q^2~h^3 <^3 


7ni + W24"^3 


is the well known expression given in the first chapter of ^very 
textbook of vector analysis for the vector to the mass center 
of three points, of masses mi, m 2 , mz, situated at the extremities 
of the vectors ai, 0 : 2 , cxz. Or, alternatively, let us add the 
expressions pi, p 2 , pz, together direct. We get 

P 1 +P 2 +PZ = 

pi cos 61 +P 2 cos 02+p3 cos 03 


^ COS (2 a> ^+0i) 

+ PlCOS0i -n-hP2C0S (^5 

' cos Ui 


COS (2 CO ^+0O_ 
cos 02 


+ P3 COS 03 


cos 2 CO /+03 




n. 


= pi cos 01 + P 2 COS 02 +P3 COS 03 


1 + 




cos2co^+03 
^ COS03 


plCOS0l+ P2COS02+P3COS03 


which is of exactly the same form as the above expression (4) 
in vectors so that the appropriateness of the point-analysis 

is Cl uite clear » 

These remarks are already too long, so that I must refrain 

from giving any applications, of which few have yet been made. 
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However, for the benefit of anyone who cares to pursue the sub¬ 
ject further, I give a few references. 

Although the point-analysis is actually due to Mobius and 
Grassmann, the immediate inspiration of this application, and 
the notation, is due to Professor C. J. Joly’s memoir The 
Interpretation of a Quaternion as a Point Symbol Trans. Royal 
Irish Academy, Vol. 32, Sec. A, Part 1, further amplified bv him 
in his '' Manual of Quaternions ’’ and '' Quaternions and^ Pro¬ 
jective Geometry ” Phil. Trans. Royal Soc, 

The best books on Grassmann’s Algebra in the English lan¬ 
guage are 

“ The Directional Calculus ’’ E. W. Hyde, (Ginn & Co.), 
Boston; and Universal Algebra’’ A. N. Whitehead, Camb. 
Univ. Press. 

A very rudimentary acquaintance with these subjects is 
enough to enable one to do much useful work. I do not want 
to give the impression that the method cannot be used until all 
these ponderous volumes have been thoroughly mastered. 

A. E. Kennelly: I think we all agree, as a result of this very 
interesting discussion, that vector representation can be arrived 
at in two ways—by Dr. Steinmetz’s method and also by the 
trigonometrical method, and the fact that we can legitimately 
divide them in these two ways is what causes the trouble. If 
we can get some expression from the International Electro¬ 
technical Commission, and if we can get an international decision 
upon that point, I for one, and I am sure that all of us would 
be very willing to adopt that one method, whichever it may be, 
and if this action of the Institute will bring that happy result 
about, I think it will be a great boon to electrical engineers all 
over the world. 

The first official meeting of the Commission is scheduled for 
next year in Berlin, but an unofficial meeting is scheduled for 
this year in Brussels, and if this matter can be brought to the 
attention of the body at the unofficial meeting this year, it is 
possible that the work of the body on this subject could be 
completed in a year’s time. 

In reference to the able remarks of Dr. Steinmetz, we must 
all admit that whatever convention is internationally adopted 
on vector diagram directions, it must not conflict with funda¬ 
mental mathematics. If it were demonstrable that inverse 
representation in vector diagrams conformed to the established 
laws of analytical geometry, whereas direct representation con¬ 
travened those laws, then it would follow that inverse repre¬ 
sentation should be followed internationally as a matter of 
n.e,Gessity. Tp. my mind, however, no such necessity exists. If 
we plot a polar-co5rdinate representation of a voltage and a 
current, as we have a perfect right to do mathematically., and 
in the manner described by Dr. Steinmetz, we are not forced 
to make any vector diagram by drawing diameters to the circles, 
or equivalent circles, on the curve-sheet. The representation 
of the vector voltage and current, by straight lines taken on the 
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diameters of their respective circles, seems to be a pure conven¬ 
tion, not fundamentally involved in the analytical geometry. 
This convention of taking the diameters for vectors in a vector 
diagram, leads indeed to inverse representation, as pointed 
out in the paper; but another convention might equally well be 
adopted, which would involve direct representation. For in¬ 
stance, the two polar circles of voltage and current might be 
brought into line with each other, diametrically, and two 
separate suitably dephased radii vectors might rotate together, 
so as to intersect these circles, and represent by their intercepts 
at any instant, the respective magnitudes of the cyclic quantities. 
The two radii vectors would then, by convention, represent the 
voltage and current of the vector diagram, with direct repre¬ 
sentation. Or convention 4 of the paper might be used, with 
direct representation, from polar coordinates. 

Again, exception may be taken to Dr. Steinmetz’s view that 
the crank diagram has no relation to the representation of 
alternating waves in rectangular coordinates In a number of 
text-books, the rectangular-coordinate diagram of a wave is 
derived from, and made dependent upon, the crank diagram. 
It seems evident, on deliberation, that a vector diagram is 
essentially a conventional diagram. That is, it is based upon 
fundamental mathematics through the medium of some par¬ 
ticular convention or conventions. We may safely standardize 
our conventions without discriminating against the fundamental 
mathematical operation or laws. Surely it cannot be main¬ 
tained that because we represent our vectors on paper as having 
a certain order of angular sequence, that therefore we cannot 
plot our cyclic magnitudes in any particular coordinate system. 

Apart from the preference that springs from mental habits, 
it is submitted in the paper that either of the conventions here 
called direct representation ’’ and inverse representation 
is as good as the other. Each can claim to be descended from 
pure mathematics, the direct representation from trigonometry, 
and the inverse from polar coordinates. The only reason claimed 
in the paper for calling the former direct representation, is that 
when laid off in this manner, the vectors follow in the order of 
time. _ The leading vector quantity is ahead of the lagging 
quantity in the direction of positive rotation. 

It is surely of the utmost importance to adopt a standard 
universal convention of vector sequence and representation. 
The advantage to each engineer of having one and only one 
representation in use in alternating-current literature, far out¬ 
weighs the trouble of having to change one’s own familiar method. 
I would much rather change my own habit in this matter than 
continue to encounter 4he perennial medley of different methods 
of representation in different papers, and I believe that most of 
our confreres all over the world are of the same opinion. 

The important thing is a unanimous agreement. It is of 
relatively lesser importance which way the decision is taken. 
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DETERMINATION OF TRANSFORMER REGULATION 
UNDER LOAD CONDITIONS AND SOME 
RESULTING INVESTIGATIONS 


BY ADOLPH SHANE 


Introductory 

For some time past the writer has been suspicious of the 
accuracy of the results obtained in calculating transformer regu¬ 
lation by the now popular method of adding the impedance volts 
vectorially to the pressure impressed on the load, the data for 
the impedance triangle being obtained by the common short- 
circuited secondary method and by the measurement of the 
resistance of the transformer winding. Indeed, the only check 
on this method heretofore has been the comparison with the 
direct method of reading the primary and secondary pressures, 
reduced to like terms, and ascertaining the difference, or, what 
amounts to the same thing, reading the secondary pressure under 
full (current) load and under no load, keeping the primary pres¬ 
sure constant the while. These direct methods are inexact 
unless great precautions are taken due to the impracticability 
of reading normal pressures with sufficient degree of accuracy for 
this purpose. 

For example: Suppose the normal e.m.f.s of a transformer 
can be read to an accuracy of 0.25 per cent and the regtdation is 
actually 2.5 per cent. The value of regulation may be found to 
be anywhere between 2.25 per cent and 2.75 per cent, causing a 
possible maximum error of 0.5 per cent in 2.5 or 20 per cent in 
the value of the regulation. 

If some means could be devised whereby the regulation volts 
might be read off directly by a low-reading voltmeter, results of 
the same order of accuracy as the reading of normal pressures 
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could be obtained. It is the purpose of this paper to point out 
such a direct method, as well as an accurate calculated method, 
to check the results obtained with particular transformers, to 
point out errors existing in the ordinary calculated method re¬ 
ferred to above, and, as far as possible, to give the causes for 
such errors. 

Transformer Regulation 

1. The Direct Method, If two transformers, A and B (Fig. 1) 
exactly alike, be connected to the same source of power their 
secondaries connected in opposition series, the e.m.f. between 
the open ends a b will be zero until load is applied to one (.4) 
of the secondaries, when this e.m.f. is equal to the true impedance 
pressure of the loaded transformer. 

If now a third transformer C is connected to the line and its 



LOAD 

Fig. 1 

secondary connected in series with the other secondaries, but 
in opposition to B, and a galvanometer G connected to the free 
terminals of this secondary series system we have the electrical 
connections necessary for the proper performance of the test. 

Normal load is applied to transformer A. The secondary 
winding of C is gradually cut out of the circuit, turn by turn, 
by shifting the contact point P along the winding, until the 
galvanometer G reads a minimum. The e.m.f. of the secondary 
C between the points /, g is the regulation volts required for 
transformer A and may be read off directly by a low-reading 
voltmeter V. 

Theory. Fig. 2 represents the common transformer vector 
diagram using 1 to 1 ratio of transformation for simplicity, with 
the secondary current F lagging 6 deg. behind the secondary 
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•terminal pressure e^'. If to this pressure is added vectorially the 
secondary resistance and reactance drops F and X" I" respec¬ 
tively, Fig. 2) the secondary induced e.m.f. is the result. This 
is also the e.m.f. of self-induction of the primary. That part of 
the impressed e.m.f. which overcomes this latter is designated 
in the figure by equal and opposite in vector position to E'\ 
TTo this is added vectorially the primary resistance and reactance 
drops, producing finally the impressed e.m.f., EO 

The foregoing represents the load conditions of transformer 

A in Fig. 1. Transformer 
B being unloaded has a 
secondary e.m.f. equal and 
opposite to the primary. 
Thus in Fig. 2, E' also 
represents the primary 
e.m.f. of B, Equal and 
opposite to this is the 
secondary e.m.f., E, which 
leads the terminal pressure 
e" of transformer A by a 
small angle a. The vector 
difference c a of these two 
e.m.fs. and E), which 
are respectively the second¬ 
ary pressures under load 
and no load, represents the 
total_ impedance drop Z i 
or Biyyip of the transformer 
(A) under load. The vec¬ 
tors a b and b p are respec¬ 
tively the resistance and 
reactance, drops RI arid 

X I oi the transformer, each being made up as follows:, 





RI = 

X1=^X’FaX"F 

The working transformer diagram is represented by the tw.o 
vectors e" and E, capped by the impedance triangle a b e. 
This is shown separately in Fig. 3 for clearness. The lengths 
of the vectors and E are, however, made longer, without, any 
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corresponding increase of the impedance triangle, in order to 
more nearly represent actual relative conditions. 

Consider now the third transformer C. Since it is unloaded 
and since its secondary is connected in opposing series with B 
the secondary pressure is exactly ISO deg. opposite to E, the 
terminal pressure of B, but variable in value, depending on how 
many secondary turns are in the circuit. 

This is shown in Fig. Z, c g, cf, or c d representing the variable 
secondary pressure of transformer C, opposing 0 C or E. The 
only e.m.f. active between the secondary terminals of A and B 
is the impedance pressure e^^p, since these two secondaries are 
in opposing series. The points a b between which this pressure 
exists is indicated in Fig. 1, and the vector position is a c in 
Fig. 3. The pressure at the terminals of the entire secondary 
system is ag, a/,.or ad, since the e.m.f. of C partially opposes 
^imp- The instrument G of Fig. 1 indicates the value of this final 
resultant pressure, which may be any value depending on the 
number of active turns in the secondary of C. But there is a 
definite minimum value caused by the correct number of active 
turns in C. Any increase or decrease of this particular number 
will always cause an increased reading of G. This is clearly 
shown in Fig. 3. With c d the pressure of C, there is a cor¬ 
responding value a d for the secondary pressure of the entire 
system. Similarly for c g there is a corresponding pressure 
a g and for cf there is af. Manifestly 6'/is the particular pres¬ 
sure of C which causes af {= e^in) to be the minimum, ad 
and a g being each greater in value. From the geometry of the 
figure e^yiin must be perpendicular to E for this condition. Since 
in any modern constant pressure transformer the angle a is very 
small, Of differs from 0 a or E' in but a very minute degree. 
Hence the difference between E and e" is very closely c f. But 
this difference is the regulation volts sought after. Therefore the 
regulation volts ereg may be read off directly by a low-reading 
voltmeter of suitable scale connected to the active secondary 
terminals of C, after the adjustment for has been made. 

_ IThvTu 

II. The Calculated Method. If the common short-circuited 
test should give data for the correct impedance triangle, the value 
of regulation obtained by this means would be above criticism. 
But such is not the case as will be shown later. The true trans¬ 
former impedance volts can be found only under actual load 
conditions. This is Qimp referred to above. Hence to find 
the true impedance triangle the transformer C is dispensed with, 
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the connections of A and B remaining precisely the same. A 
wattmeter suitable for the full-load current of transformer A 
and for low voltage, is inserted into the load circuit (W, in Fig. 4) 
the pressure terminals being connected to the free secondary 
ends a b, precisely where the low-reading voltmeter is con¬ 
nected to indicate The reading of this wattmeter is the 

true R P loss of A under load conditions. With the above two 
readings and the load current the correct impedance triangle 
may be found. That is, dividing the value of the wattmeter 
reading by the value of the load current gives the R 1 drop, 
which together with the impedance drop solves the triangle. 
From thence on the calculations are as usual in such cases. 



It may be argued that it might not always prove easy to 
procure two absolutely identical transformers for the above 
methods, that the voltage ratios might be just sufficiently dif¬ 
ferent to spoil the test. In answer to this it might be said 
that the writer had at his disposal three pairs of transformers, 
each pair of different manufacture, and these checked out very 
well. The check was made by connecting a delicate alternating 
current galvanometer to the free ends of the secondaries of each 
pair connected in opposed series. Scarcely a deflection in any 
case was observed, though the trifling load of a wattmeter pres¬ 
sure coil connected to the secondaries of one transformer caused 
sufficient unbalancing to give a decided deflection. This would 
indicate that absolute voltage equality should be the rule rather 
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than the exception with similar transformers from the same 
manufacturer. A fairly elaborate test was made to substantiate 
the above theory, the results of which are incorporated in curves 
of Figs. 5 and 6. These curves all refer to the regulation volts 
with respect to power factor, of a particular pair of transformers 
with noticeably small leakage. Fig. 5 is the curve obtained by 
the direct method (I) using three transformers. Attention is 
called to the generous scale of volts in spite of which the observed 
points appear very consistently on the curve. Curve A, Fig. 6, 
is a duplicate of Fig. 5, without any points being present belong¬ 
ing to this particular curve. The points (.) so near this curve 
as to seem to form part of it were really obtained by calculation, 
using method II of this paper. One checks the other. The 
points (x) represent the values obtained by carefully taking the 



difference between the no-load and load values of e.m.f. (E — e "). 
Of course the inherent inaccuracy of this method is evident by 
the staggered position of the points, but they agree closely 
enough with curve A to confirm the above methods. Curve B 
is the regulation curve obtained by the usual short-circuit 
test and resistance measurement, and the departure from the 
three lower sets of results is marked. So decided is the dis¬ 
crepancy that the writer believes, by the use of an ordinary 
voltmeter, taking full load and no-load readings, the^ truth is 
more nearly told. True, the regulation curve is not relatively 
so consistent and smooth in This latter case, but any point by 
reasonable care may represent less percentage error than a 
corresponding point on the calculated curve by the short-circuit 
test. 
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The Test. More than one set of transformers were tested for 
regulation, but onl]^ a sample of one set of readings are here 
given. The data for both methods were taken at the same 
time, the connections for the test being as indicated in Fig. 4. 
Transformers A and B were exactly alike, rated at 2 kw. each, 
with 220 volts secondary. It was found that with 12.5 amperes 
load (12.56 corrected) no excessive heating ensued, so the current 
was maintanied at this value. Transformer C also happened to 
be rated at 2 kw. though the value of capacity here is immaterial. 
The regular secondary winding was not used. Instead, a few 
turns of wire were wrapped over the fixed windings, care being 
taken to have a somewhat greater total e.m.f. here than the im¬ 
pedance of transformer A, since at one point of the regulation 
curve, the impedance pressure equals the regulation. 

Each turn was brought out to a switching arrangement 
whereby it could be instantly cut in or out of circuit, excepting 
the last turn, the terminals of which were connected to a slide- 
wire resistance allowing perhaps one ampere to flow. The pur¬ 
pose of this latter arrangement was to permit of exact adjust¬ 
ment for' e^^n- The procedure followed was to start with the 
full numbet of turns active, gradually cutting them out one by 
one until the galvanometer G indicated as near a minimum value 
as possible, the final adjustment being made by moving the point 
P' along the slide-wire 5. . 

The accuracy of the method depends on C not being per¬ 
ceptibly loaded, and it might be supposed that the current through 
the slide-wire S does load the transformer to some extent. 
That the amount is imperceptible may be shown by a numerical 
example which closely fits this case. Assuming one volt per 
turn, 220 volts normal e.m.f., and 10 amperes normal load, we 
find that this load represents 2200 ampere-turns. The one 
ampere flowing through the slide-wire connected to the terminals 
of one turn represents but one ampere-tum. The transformer 
is thus loaded to less than 0.05 of one per cent, an entirely negligi¬ 
ble value. 

Voltmeter was so connected that by means of a switch it 
could quickly indicate the load and no-load pressures across the 
terminals of A and B respectively. Fg indicated the impedance 
drop under load conditions, the minimum volts after adjust¬ 
ment had been made by the use of G and the regulation volts. 
Actually F 3 , Fg, and F 4 were represented by one instrument, 
a low reading voltmeter, which by suitable switches could be 
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readily- throun to the several points. But one instrument was 
used to insure correct relative readings for purposes of accurate 
checks. l\'attmeter If ^ was connected to read the load. IF., 
having its pressure coil connected to the inipedance voltage 
terminals (a b in Fig. 4) indicated the copper /- R under load 
conditions. It had ample current capacity and the pressure 
coil was adjusted for low voltage. The instrument was found 
to be accurate for low power-factors. The ammeter .4 indicated 
the current load which was maintained at 12.56 amperes. The 
galvanometer G was merely a piece of annealed iron suspended 
in a coil and damped with oil. This proved amply sensitive 
All the instruments were thoroughly dead beat wTich vastly 
facilitated the taking of readings and thus guarded against a 
change of conditions during the taking of a set of observations. 

The load consisted of a lamp bank in parallel with a variable 
ironless inductance. By this means a power-factor as low as 
25 per cent was obtained. Constant temperature conditions 
were reached before any readings w^ere taken. 
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The original data are given in Table I. The sets of readings 
from 1 to 13 inclusive were taken at nearly normal impressed 
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voltage with power-factors ranging from unity to 25 per cent. 
This table furnished the data for the curves of Figs. 5 and 6. 
In Table II the load power-factor was maintained unity, but the 
e.m.f. was varied from normal to practically zero value. Care 
was taken to keep the current exactly constant throughout the 
test. 

Inspecting Table I down through the thirteen sets of readings 
it is seen that with a steady current and voltage about normal 
(columns a and d ), the copper loss (column h ), read by W 2 re¬ 
mained constant, though the power factor (column 1) varied 
from unity to 25 per cent, that is, the real power dropped from 
2,650 watts to 637 watts (column C). It is also seen that the- 
impedance volts (column g) remained sensibly constant during 
like conditions. The difference between corresponding readings 



Fig. 7 Fig. S Fig. 9 Fig. 10 Fig. 13 


of columns d and e gives the regulation pressures (column m) 
and as indicated by (x) in Fig. 6. Column h gives the regulation 
pressures by the direct method I and columns a, b, g and I 
furnish data for calculating regulation by method II explained 
above, these calculations being set down in column n and plotted 
as (.) in Fig. 6. 

It might be of some interest to add other checks on the theory 
of method'!. Inspecting Fig. 7, which is the transformer dia¬ 
gram for non-inductive load, it is evident that e^n-in practically 
equals X I in value. Turning to Table I of data, first line column 
f, is found to be 4.27 volts. X /, when obtained from the 
correct impedance triangle of method II, was found to be 4.25; 
a very close agreement. Again, Figs. 7 to 11 are transformer 
diagrams ranging from unity to zero power-factor. At unity 
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power-factor e'^ lags behind E by a small angle a. With dimin¬ 
ishing power-factor this angle, Fig. 8, is reduced wdth a cor¬ 
responding reduction in the value of e„an until some value of 
power-factor as in Fig. 9 is reached, ivhen both this angle and 
^min have been reduced to zero and the regulation is represented 
by the impedance volts. With a further reduction of power- 
factor, Fig. 10, the angle together with again increases with 
now leading until another maximum displacement is reached 
at zero power-factor, Fig. 11, when e,nin is but little different 
from the R I drop. This variation of is nicely indicated 
by the data in column / of Table I. Where its value is about 
zero the regulation volts should be practically the impedance 
volts. That such is the case the values of regulation volts of 
column h testify. Finally at unity power-factor the regulation 
is practically the R I drop, and at zero power-factor it is as closely 
the X I drop. From the data 

R P — 89.5 watts 

Hence 89.5-^12.56 = 7.12, the RI drop; w^here 

load current = 12.56 

The table gives the regulation volts for unity power-factor the 
value of 7.11, another agreement. Extending the curve of 
Fig. 5 to zero power factor ^ve find the regulation for this point 
is about 4.35, which is also but little greater than the W I drop. 

Check for Accurate Adjustment of e^nin^ The consistency of 
the curve by method I depends, of course, upon the accurate 
adjustment of the pointer along the slide-wdre S of transformer 
C. This may be checked directly by repeating an adjustment, 
as indeed it is desirable to do. A further check may be obtained 
by the use of the equation 

^ \/{e^ninfA- {e^egY 

That this equation is true may be readily seen by inspection 
of Fig. 3. If the value of the above radical corresponds closely 
to the value of the impedance pressure, the adjustment may be 
said to have been correct. Column o of the Table represents the 
values of this radical and the corresponding impedance pressures 
in column g. The agreements here are seen to be rather ^ood 
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excepting in the tenth line, where the solution of the radical, 
gives 8.45 while the corresponding impedance pressure is but 
8.3. The adjustment here then was hardly exact, with a cor¬ 
responding inaccuracy in the value of the regulation. Examin¬ 
ing the tenth point on the curve of Fig. 5. the inaccuracy is 
evident. Yet even this error does not amount to much. In 
other words, an extremely sensitive detector of e^nin is scarcely 
necessary. In the test a well damped low-reading alternating- 
current voltmeter was found to be good enough. 


Some Further Investigations 

In order to determine the source of the inaccuracy in the usual 
calculated method for obtaining regulation, the line e.m.f. 
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supplying the transformers under test was gradually reduced 
all connections remaining precisely as before. The readings 
taken are given in Table II. It is here seen that the P R (and 
consequently the IR drop) steadily reduces in value from 89.5 
to 86.0 watts. On the contrary the impedance pressure as 
steadily rises in value from 8.28 to 8.5 volts. That is, as the 
conditions of the common short-circuit test are approached the 
copper loss and copper drop become less than under normal con¬ 
ditions of voltage normal flux density) while on the other 
hand the impedance of the transformer is higher in spite of the 
fact that the R I drop is less. The difference in the two im¬ 
pedance triangles as found by the short-circuit test and the re¬ 
sistance determination, and by method II is clearly seen in 
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Fig. 12, which applies to transformer A of this paper. It is 
observed that a difference of 20 per cent exists in the valne of the 
reactance drop by the two methods. 

The above results are shown in the form of curves in Fig. bl 
the abscissas being induced e.m.f.s in all cases. The R I and 
X I curves were derived from data forming the R P and 
curves. If the slightly paral;)olic nature of the increase of the 
copper watts witli e.m.f. (f.c., flux density) is due to more tlian 
mere chance, this increase may l)e reasonably su|)i)osed to l)e a 
true eddy current loss in tlie co]>])er windings, increasing as tJie 
e.m.f. applied to the transformer incu'eases. This additional 
RP drop is, no doubt, wluit is vaguely referred to as “load 
losses which disappear as tlie flux density is r(Hhu‘ed to tlie 
conditions of tlie sliort-oircuit test. On the ot.lu'r liand the in¬ 
crease of tlie .V I drop with a, reduction of tlie flux density may 
due to a somewliat, greater per- 


i*i*j TjI j* • *j A. t HOD tl 

lability ol the magiudic (*ireuit. and nHORr ,4 


DIRUUi r I t M l 
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That is, assuming t.lu‘ sanu‘ leakage' 
magnetomotive forces at low flux 
densities as at higli, the n'sulting 
leakage flux will bc' somewhat greati'r 
if the magnetic conductivity is better 
in one case tlian anotlu'r. And at 
lower flux densities a greater perme¬ 
ability is expected. This, of course, assumes that a p 
least, of tlie leakage |)ath is tlirough the iron. 


Conclusions 

It is evident from the foregoing tliat it is }>ossible to use* an 
accurate direct method for obtaining transformer ngulatI.on, 
the value being read off liy a low^naiding voltmeter following a 
simple adjustment. Only commercial instruments and appar¬ 
atus are needed lor tlie tc‘st. It is also evident that ac'curatc' 
data for the caknilated method is readily olitainaldm liotli of 
these methods are iirescnted with Imt one objeaff. in view, that of 
commercial utility. 

Method I is intended to take tlie filace of the ordinary c.lirtHff 
method of reading nodoad and fulldoad pressures. Metliod II 
is intended to substitute for the calculated metliods now in use, 
Tlie writer liardly thinks it sufficient to consider tlie older 


methods as amf)ly' accurate, especially when referring to cal 
ciliated ones, for though, a nice smootli curve may be obtained 
(because it is a calculated method), the truth is prt,d,.»ably more 
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nearly told by the simple expedient of reading no-load and full¬ 
load pressures. 

Either of the above methods should be available for the 
average central station and on the test floor of a transformer 
manufacturing company where like transformers are usually at 
hand. 

Appendix 

In considering the theory of method II it was assumed that the 
detail of calculating regulation is generally understood. But 
to insure this point, a brief outline is here given. Either one of 
two formulas may be used which lead to like results. These 
are as follows: 



0 20 40 60 80 100 120 140 IGO 180 200 220 


Fig. 13 


E = V{e" + R 1 cos d + X I sin dY+ {X I cos (9 - R I sin Of ( 1 ) 
E = \/ (g" cos 6 + R IY+ (e" sin d-\-X lY 


Whereas, in the preceding text, 
e" == the secondary terminal voltage = 100 per cent. 

E = the impressed voltage (reduced to terms of secondary) 
necessary to produce E" under load. 

R I = equivalent resistance drop. 

X I = equivalent reactance drop. 

0 = angle corresponding to power factor cos 0 of circuit. 

The difference E — e" is the regulation volts sought, e" may be 
assumed to be the voltage stamped on the name plate of the 
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transfoniier; also 6 is assumed. 


R I and A' I are obtained from 


the solution of tlie data entering the impedance triangle. 

Each of the above equations is based on correct theory. The 
first su|’iposes the several e.m.fs. of the transformer to be re¬ 


solved into components parallel to and perpendicular to 
the second supposes them to be resolved into components parallel 
to and perpendicular to the current vector. In either case E is 
the closing diagonal. 

A sample set of calculations will make clear the use of the above 
equations. Use will be made of the following data w^hich refers 
to transformer A of this paper; 


^imp. = 8.29 
R P - 89.5 
I — 12.56 


= 220 (name plate) 

Power factor = 0.6 = cos 6. 

From which is derived the following: 
A / = S9.5-e 12.56 = 7,12 



E = x/ 


V (220-f 0.6X7.12-haSX4:W+''(0.6X4.25 - 0.8xTW 

■ i ( 1 ) 

\' (0.6 X 220 + 7.12)= + (0.8 X 220 + 4.25)2 = 227.68 ( 2 ) 


;Manifestly the accuracy of results depends on the accuracy of 
the R I and A’ I values, that is upon obtaining the values for the 
correct impedance triangle. The usual method of doing this 
IS to short circuit one of the transformer windings (ordinarily the 
low tension) and impress a sufficient voltage on the other to 
allow rated full load current to flow. This gives the impedance 
drop and with a wattmeter inserted also the R P which divided 
by the value of the current gives R I. Or instead of this latter, 
resistance measurements of both primary and secondary may be 
made, reduced to like terms, and added. This sum multiplied 
by the value of the full load current gives the R / drop, and 


^ ^ — v' (Imp. volts)^ — (R 1)2 


It must be remembered that the data by this method is ob¬ 
tained under conditions of low flux density and hence the dis¬ 
crepancy when compared with method II presented in this 
paper. 
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Discussion ON Determination oe Transformer Regula¬ 
tion Under Load Conditions and Some Resulting 
Investigations Jefferson, N. H., June 29, 1910. 

Charles Fortescue: The method of measuring the regulation 
of a transformer, given in this paper, appears to the writer to 
be open to serious objection for the following reasons. 

1. Assuming that adjustment for emin has been satisfactorily 
effected, the reading across fg wdll not be the regulation of the 
transformer. It is true that in the example cited by the author 
of the paper the difference between the value read and the true 
regulation of the transformer, provided all other conditions of 
the test are^ satisfactory, would be negligible. But for a trans¬ 
former having high reactance volts, in comparison vdth the 
ohmic drop, this method of measurement would introduce an 
appreciable error. 

2. If the value of emin is large compared with the regulation 
of the^ transformer, a very small error in the observation of 
Bmih will produce a large error in the adjustment of electromotive 
force / g. In the examples cited in this paper it happens that the 
‘value of e^ynin is comparatively small, and therefore the error 
in adjustment of / g is negligible. 

3. The accuracy of the method is also dependent upon the 
resistance of the galvanometer used for adjusting / g by means 

of Byyiin* 

With reference to the proposed method of obtaining data 
for calculating the regulation, it is evident that the accuracy of 
the results obtained depends upon the resistance of the volt¬ 
meter used, of the shunt of the wattmeter and the size of the 
transformers on which the measurements are made. If the two 
transformers, A and B, are exactly alike, and we denote the 
true impedance by Z, and assuming that the reading of the 
voltmeter is F, I being the load current and R the resistance 
of the voltmeter, we have for the correct value of Z, 


Z = 


I 


2 V 
R 


all the quantities being combined in their proper phase relations. 
It is apparent from the above that the value read on the volt¬ 
meter is too small for the true impedance volts and the phase 
difference as obtained by the voltmeter and wattmeter together 
is too small. If the shunt of the wattmeter has a different re¬ 
sistance from voltmeter, another source of error is added. For 
small transformers and with the usual commercial low reading 
voltmeters, the error due to the above conditions may be quite 
marked. 

The curves shown in Figs. 5 and 6 show remarkable agree- 



TRAIVSFORMER REGULATION 


[June 29 


1296 


it bet ween the rei^iilation measured and calculated by the 
two iiietliods [jroposed. But it is possible that the errors due 
to the instruments in both cases are approximately the same. 

In Tal)le 2 it is seen that the impedance volts steadily rises 
in \'aiue for a "i\'eii current as the impressed voltage is reduced. 
The author argues from these results that the reduction of the 
flux density may cause increase in the leakage flux due to the 
higher permeability of the magnetic circuit. In the opinion of 
^ writer, this is very improbable since in the first place the 
►'^rmealdiitv of the iron at the low induction of the short circuit 


test is in commercial transformers about the same as that at 
the working induction. In the second place, with primary and 
secondary windings interlaced, as they are in such transformers, 
the length of the leakage path in the iron is very small com¬ 
pared with that in the air, and the density of the leakage flux 
is^ lower in the iron than in the air, the effect of the reluctance 
of the iron on the reactance e.m.f. of the transformer is, therefore, 
inappreciable. It is possible that the difference in impedance 
with varying induction in the test referred to, may be attributable 
to a change in the wave form of the primary impressed e.m.f. 
due to the method of changing its value. 

In order to be able to form some estimate of the errors in 
the method, due to the causes outlined above, it is necessary to 
have data on the instruments used, and some knowdedge of the 
wave form of the impressed e.m.f. under the various conditions 
of the test. It would be extremely interesting to obtain a com¬ 
parison betw^een the short circuit method and that proposed, 
with all errors in measurements, etc., eliminated. 

^ To conclude, the writer is of the opinion that the results 
given in this paper are not sufficient as a basis from which to 
judge the merits of the two methods, of obtaining data for cal¬ 
culating regulation, that is to say, the old method and that pro¬ 
posed by the author. The latter method has had some com¬ 
mercial applications, but for the reasons given in the preceding 
discussion by the writer has not been widely used. 

Results of some tests made on a standard lighting trans" 
former 2200/220 volts 60 cycles 


USING METHOD II 

Primary 




volts 

Sec. amp. 

\'olts imp. 

Watts 

1 2000 

20,2 

5.38 

76.S 

1000 

a 

5.3 

1 76.S i 

520 


5.32 

76.8 

lO 


5.3 

1 76.8 ^ 1 

1 i 


Corrected average volts impedance = 5.36. 
Corrected watts 77, 
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Using short circuit method 

Impedance volts. 5,42 

Watts.’.79 .'to 

Amperes . 20.2 

Corrected watts =. 79,4 

Volts impedance =.. ,, 5,42 

The difference between the two methods is 

Watts.3.2 per cent 

. 0.8 per cent 


This commercially would be considered a good check. 

E. A. Wagner: In regard to this paper of Mr. Shane’s mv 
views agree with Mr. Fortescue’s. I think a small error in 
measuring the voltage e' by the galvanometer is apt to bring 
in a large error in the determination of the regulation. The 
galvanometer undoubtedly^ will have a certain amount of lag, 
which will cause an error in the angle, and this error will ac¬ 
count for the discrepancy shown on page 1100 in the two im¬ 
pedance triangles. Furthermore, I do not think that the use of 
three transformers will be a good commercial proposition, as 
this method of measuring the regulation is intended to be. 
There is no question but what a simple and accurate means of 
measuring the regulation directly is very much desired by those 
having a great deal of transformer work, but I think the method 
of calculating the regulation through determining the resistance 
and phase angle of the transformers will give sufficiently ac¬ 
curate measurements and determination of the regulation for 
commercial purposes. 

L. T. Robinson: In reference to Professor Shane’s paper it 
is undoubtedly true that in some transformers at least the regula¬ 
tion may not be accurately found by the usual method of de¬ 
termining the impedance triangle from the volts required to force 
full load current through one of the windings with the other 
short circuited. 

The required impedance volts may be determined by means 
of reading the volts and amperes and computing the I R com¬ 
ponent from the measured resistance of the transformer or the 
watts can be measured and the energy so read considered to be 
the P R loss. Sometimes these two methods agree closely and 
with the measured regulation but sometimes they do not. Also 
it is necessary to know, the regulation and ratio of some trans¬ 
formers especially instrument transformers with very great 
precision. In fact it may be accepted as a general statement 
that it is not safe to determine ratio and regulation of trans¬ 
formers by any method of calculation until the method has by 
accurate measurements been proved correct and reliable for the 
actual type of transformer to be dealt with. 

Although the value of determining the impedance triangle 
under load conditions, as shown in the paper in Fig. 4, as against 
determining it by similar means at low density with a short 
circuited winding seems quite apparent, still the chief reason for 
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believing in it is the excellent agreement between regulation 
calculated using the values of the impedance triangle determined 
in this way, and the tested results rather than any theoretical 
considerations that might be urged in advocating the method 
used. There are so many secondary actions within transformers 
that may or may not affect the ratio and regulation that a ready 
means of determining their effects directly is always of interest 
and value. 

The test that is described is one that requires two or really 
three transformers. Two of these are exactly alike and the 
third is a small auxiliary transformer C. The voltage of the 
loaded transformer A is connected to one terminal of the small 
transformer C which is connected to have its voltage in the 
same direction as A and opposed to B . This small transformer 
slides, etc., then forms a ready means of getting voltage in phase 
with B varying by small steps. 

The point / Fig. 3 on C corresponding to Cmin is found and the 
regulation volts are read from the auxiliary transformer C. 


A 

^WsAAAAAAAA. 


B 

.AAAAAV\A-> 



It is not always easy to get two transformers exactly alike. 
Perhaps some of the- most desirable cases where it would be 
necessary to have an accurate measure of the regulation would 
be large transformers, where it may be that only one at a time is 
made. It is, therefore, proper to consider some means whereby 
the methods of the paper, which are in a sense quite similar, 
although differently carried out, to methods which have been 
developed for potential (instrument) transformers may be used 
to get the^ same results as those obtained in the paper, without 
the necessity of employing the two identical transformers. 

For the second or unloaded transformer B there may be em¬ 
ployed any transformer of known characteristics with a re¬ 
sistance across its secondary, and the secondary volts delivered 
by it changed by a sHde resistance R Fig. a, or the test could be 
made at low voltage (2200 and under) using resistance on the 
primary side and omitting the auxiliary transformer alto¬ 
gether, Fig. &. 
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For ratio and regulation testing it is not necessary to have the 
transformer B unloaded (as shown in Fig. 1, Shane) because 
the phase displacement between primary and secondary cur¬ 
rent due to carrying moderate load would be small and almost 
always in a direction to bring the voltage on the secondary of A 
and B more nearly in phase so that Rmin may be read as a 
smaller value. The regulation will be found from the change 
in position of the contact p between the points where the Emin 
balance for no load and full load on the small transformer C 
is found, the volts per step on C being known from a volt¬ 
meter in the secondary oiB or A. If the connection of Fig. a 
or h is used the absolute ratio also may be read by knowing 
the resistance R and the ratio of transformer B accurately. 
If a standard instrument transformer is used for B loading 
can be so arranged as to get practically zero phase between 
A and B at no load on A. This is evident from the dia¬ 
gram, Fig. 9, where the impedance volts is in line with the 
volts The closing voltage E will also be along the same line 
and be in phase with e'\ This is the condition where the power 



Fig. b.—Arrangement 
for low voltage, 2,200 arid 
below 



Fig. c. —Arrangement for voltages of 
110 to 60,000 or more 


factor of the secondary load is the same as thht of the - im¬ 
pedance triangle of the transformer. Such a condition maybe 
secured in practice by having the load on the transformer 
reactive or by connecting reactive coils on to load transformer 
B in parallel with its non-inductive load. 

For low voltages the resistance R may be of any desired amount 
(about 5 or 10 ohms per volt) and may be used with any suit¬ 
able detector, (G). 

For use on 110 to 220- or 550-volt secondaries it would be 
possible to provide a small auxiliary auto-transformer of known 
constants with or without the slides, that Professor Shane has 
shown, refer to Fig. c. It would then be easy to get regulation 
on any transformer of 110, 220 or 550 volts secondary if another 
transformer to be used as B having anywhere near a similar 
ratio was available without the necessity of getting tw;o trans¬ 
formers alike. For regulation test the constants of transformer 
B need not be accurately known and both ratio and regulation 
may be obtained if the constants of transformer are known 
but still A and B need not be alike. Also with the constants 


TRA NS FOR A lER REG I ^ LA TION 


of B accurately known pro|)er loadini^ of it-s secondarx’' can |)ro 
duce zero phase anyle. (Zero ])liase is not ahva\’S pn:‘s 
in transformers at no load.) In either ('as(» the low n^t 
voltmeter for reading regulation is not rtHpiired. 

^If zero phase angle is produced on B then tlu‘ naiding of 
E min where A is loaded is also a measun* of t lu‘ |>Iiasi‘ angh* for 


f p in potential t.ransfornu‘r 
.i/in current transformin' 


/ 


'' I n 


iy 


» 


accuracy, on aci'ount of the vtn*y Sina., 
usually found, may l>e ol)iain(Hl in this wa\' with any suit,...., 
means of determining the point J tind of naahng Emm- I^roh^ssor 
Shane has iound that co”mnun*cial alUTtuitinganirrent vtdt* 
meters nitiy be used; also lie lias t‘in|)loyed a s|K‘eial inilicatur 
for the puriiose. An indica.tor similar to that (ii^serilHai miglit 
be used to measure Emin as wtll as to dt‘U‘rmiiU‘ the |»oint of, 
but perhaps some form of dynanionH‘lei\ Sigiaralidv exc'ited, 
if need lie, and with or without iron miglit Ik* us<‘d, or any 
thermo galvanometer schem(% or tmmmutator ihnnee, in fad any 
of the^siiecial devii'cn refi‘rred to a,t tlie ( jjnvinilien last year'^' 
and Idiis yearf in conncihlon with ratio ami phast* angh‘’ tc/st, • 
ing of instrunumt transforniin-s. 

To^ me the greatcnt valm' of Ihaifi^ssor Sham‘'s papis* is in 
showing tliat the sommvliat refined nughods l)y whieli exact 
regulation, ratio, etc., may bt* <let<‘rmined for instrument 
transforiners are usd’ul for, and may 1 h* easily ap|died, to tin* 
more general prolilem of tlu‘ commvnM tinting, of ligliting ami 
]:)ower transformers. 

Ralph W. Atkinson; Prolcatsor Sliane lias t.brown niueli 
light on some eomplexiticn of transformcn* t!i(*ory. Mmdi of tin* 
itansioimer tlux.iry is sueli tltal- t.o tin* ordinary i*nil.A^tt:'*e'r, |'>fae* 
tical proof is necessary for miiire ounMvnvo tn tin* n*sn!ts/ 

It is well known that thti idfeetive resist^ancH:* of a ira<ns« 
former as measijr(‘d by tlm wall.inetef on short eirtmil. is ipa*ater 
than the el'feetive ri*sistanee olitalned !>y n:K*asu remen Is willi 
ciirect current. 1 o determine* tin* eorn*<‘t im|)i*danca* triangle*, 
the resistance as deti‘rminc‘el I>y tlu* wattmi*tt‘r must In* usi*d, 
Utherwisc.^ tt is quite [lossibUt to rnakt* a large* error iu tin* ele- 
termination of ilie reactance. If, tliert* is a <liiyi*ri‘net^ in tin* 
case in point, it would lend to liring the n:*sull,s obtaint*d by 
oinluiary^UKitlioi'ls nearer to tliost* of Profi*ssor Hltanc*. If ila* 
lesults giyen in lalile 2 line 9 be* tak<*n as eof"ri*et for sliort 
circuit conditions we may obtain a value of regulation onh 

curvi; A Ing. 0 as i.s 


; f as ti 








riiri;y,vf'l'..! 1 Mi'asumnientH on Ciretiits .Hetiuiriin, 

Current tind^ I riinsfurnuTH, Ad JC.IC, 1 ’«ans.a<'tions, ' IIHMI 
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The additional loss as measured by the wattmeter may be of 
very considerable importance, though generally small in small 
transformers. It may be calculated by a not very complicated 
formula while the general explanation of the cause is very 
simple. The loss may be regarded as due to circulating or eddy 
currents induced by the field in the coil space due to the load 
current of the transformer. The field due to the magnetising 
current is very small and hence causes no loss in the copper. 
Therefore this copper loss is the same at full voltage as at no 
voltage. However, Professor Shane’s tests show the total 
copper loss to be greater at the full voltage of the transformer. 
It would be interesting to know the cause. A possible explana¬ 
tion is the copper loss in the primary due to the exciting current. 
However the 4 per cent difference in copper loss at full voltage 
and no voltage can not be accounted for by less than about 4 
per cent core loss; moreover this does not account for the re¬ 
actance on full voltage. 

Another point; with transformers connected for a heat run by 
the ordinary loading-back method, the copper losses are the 
same as under the short circuit conditions and hence there might 
be considerable error in the temperature rise obtained on trans¬ 
formers where the load losses ” are large. 

It is probable that tests on a transformer having greater 
proportionate load losess ” would settle definitely their 
nature. The writer hopes the discussion will bring out the cause 
of these load losses ” 

Adolph Shane: With reference to the errors liable to result 
in the use of Method I for transformers having large reactance 
values, as referred to by Mr. Fortescue, I may say that this 
matter has been given some consideration. The leakage reac¬ 
tance at the worst is always small as compared to the value of 
normal voltage. Therefore, though I frankly admit that the 
method is theoretically an approximate one, it affords in nearly 
every case a truely negligible error. The assumption made is, 
that the base of a narrow wedge-shaped triangle is equal to the 
hypotenuse. As long as the angle between these two sides is 
very small this approximation is legitimate. It would take a 
leakage reactance of considerable value (third side of triangle) 
to cause an error of practical importance in the above assump¬ 
tion. By examining the vector diagram of the transformer it 
will be noticed that this error is a maximum at unity power 
factor and begins to disappear as the power factor lowers. At 
one point on the regulation curve the error is theoretically 
absent, namely when einip is the value of the regulation. 
But, excepting near-unity power factor, this error can never be 
suspected of being important, because the I R value is the only 
other quantity to ever tend to widen out (at very low power 
factors) the small angle referred to above, and this value is 
always small as compared to normal voltage. 

Therefore, let us consider the worst possible condition, namely 
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at unity power factor, and further let us choose three times the 
reactance value as observed in the tests. We will consider 
12.75 volts as X J instead of 4.25, the other values remaining 
as before. Under these circumstances the regulation volts is 
really 7.47. By solving the wedge;shaped triangle er^g is found 
to be 7.82. The error is thus about 4.7 per cent. This is caused 
by a phase angle of a little more than 3 degrees between the line 
and secondary voltages. This displacement is usually con¬ 
siderably less in fairly small capacity transformers. 

A word about the galvanometer used in these tests. It was a 
small piece of iron suspended on a thread. A coil surrounded 
the iron. Such a detector may be made as sensitive as one 
pleases and is not intended to indicate quantitative results, but 
a^definite minimum point only. Criticism was made of the lack 
of sensitive adjustment in the method. Figs. 5 and 6 of the 
paper seem to show a sufficient degree of accuracy and neces¬ 
sarily assume some precision of adjustment. Indeed, where 
6fnin had somc value, as at unity power factor, a low reading 
voltmeter was used at times to secure adjustment more quickly 
and with good resffits. Of course, the detector must be well 
damped. Great accuracy of adjustment is only imperative 
vhen has some considerable value. Fortunately an 

alternating current instrument (indicator) is sensitive upon the 
scale. It is not so sensitive near zero, but neither is extreme 
accuracy of adjustment necessary when emin is quite small, 
ihe accuracy of a djustment m ay always be checked by the 

equation ^Such checks are often de¬ 

sirable and insure correct results. 


due to current consumption of instruments is 
negligible and is of no greater magnitude than might be caused 
by a voltmeter connection for any test. 

As to the use of three transformers in Method I, some may 
consider such an undesirable complication. If so, I would su/- 
gest to them Method II, the calculated method. The work at 
the desk is the same as in the method now popularly used* onlv 
the method of obtaining the data is modified. ’ ^ 

As for the present methods of obtaining transformer reeula- 

^accurate, it would seem from curves 5 

W ^ ^o-load and full- 

accurawS.j^’^'Tf difference may give more 

ccurate results. If we desire the truth, then we should find 

re^aSn°^^nf occwrafe value of transformer 

Ti?®’ ^ ^ moment that the 

inethods presented here are the only ones feasible for arriving 

^ merely submitted these two pro? 
tmth discussion, so as to pave the way toward 
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AMERICAN TELEGRAPH ENGINEERING—NOTES ON 

HISTORY AND PRACTICE 


BY WILLIAM MAVER, JR., AND DONALD MCNICOL 


Although there may not he any startling technical announce¬ 
ments to make relative to recent progress in American telegraph 
engineering practice, yet within the twenty-five years past, in 
common with the progress in other lines of engineering, sub¬ 
stantial developments have been also made in the telegraphic 
art along numerous lines, such as the standardization of equip¬ 
ment, and the adoption of improved apparatus and methods of 
operation which have generally resulted in increased efficiency 
of the plant, greater reliability of operation, a more rapid hand¬ 
ling of the traffic, and consequent improvement in the service 
rendered the public; and which developments have, in fact, 
been adequate to meet the demands made upon the telegraph. 

The time has been deemed opportune to record some of the 
salient features of present telegraph engineering practice in 
this country, but first in order more clearly to illustr^^te the dif¬ 
ferences between past and modem practice a resume of the early 
history of telegraph practice in' this country will be essayed in 
which resum6 certain more or less interesting items of informa¬ 
tion relating to that history perhaps not hitherto published, or 
in any event not readily available, may be recounted. 

The first electric telegraph line in this country was constructed 
by Morse in 1844 between Washington and Baltimore. The 
progress of this art into public favor was slow; due mainly to the 
high rates for service and to more or less imperfect service, the 
latter due mainly to poorly constructed lines and the former 
largely to heavy legal expense incurred in the effort to maintain 
for the Morse interests a monopoly of the telegraphic art. Morse 
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endeavored to obtain a British patent for his electro-magnetic 
telegraph, but failed on the score of previous publication. Bain 
of Edinburgh came to the United States in 1848 to obtain a patent 
covering his chemical telegraph which was refused on the allega¬ 
tion that his device infringed the patents of Morse. Bain’s 
telegraph consisted of a device for perforating long and short 
holes in a strip of paper, which were used to transmit long and 
short impulses of current over a wire. At the receiving end he 
used a sheet or strip of paper saturated with a-chemical solution 
consisting of nitric acid 2 parts, prussiate of potash 20 parts and 
pure liquid ammonia 2 parts, which solution was decomposed 
by an electric current from the sending station thereby leaving 
long and short marks on the receiving paper sheet or strip. 
Bain pressed his claims in the United States Supreme Court and 
in the year 1849 a patent was finally allowed. A British patent 
to Morse would have been of doubtful value at that time, as 
during the life of the United States patent the Morse telegraph 
was but sparingly used in Great Britain, various needle and dial 

telegraph systems having obtained a strong foot-hold in that 
country. 


maximum speed claimed for the Bain system was about 
000 words per minute,^ but as a writer of that day remarked d 
he process of preparing the message to be transmitted, took 
quite as long as to transmit it ” by the Morse method, and while 
Mr. Bam s plan was entirely successful as far as it went it 
was found that after the quick receipt of a long dispatch, it 
wou d take about as long to copy it into manuscript as it would 

place. Following the granting of the U. S. patent to Bain 
numerous telegraph companies were organized and lines built 
on which the Bam automatic chemical system was employed 

in opposition to the Morse Companies, but in 1850 an injunction 

was obtained, based on the charo-p i-ho+ p^- ’ ^ 

frinapH a/ 7, , ^ that Bams apparatus in- 

manv J t,. r *®^T^Ph patent of 1840. A consolidation of 

Morse line?! chemical automatic companies with the existing 

lines soon followed, and subsequently the Morse manual 

^ed) went mto almost general use.^ The Morse register was . 


^ ‘‘Electric Telegraph,” (1852) Jones, pn. 110-150. 

Praio- ^ ^ Personal letter to Mr. Maver dated August 22 1890 Mr D H 

Cmg who w., . h£„o io ,he O.J, of Amoriof' 

.d.gh,phy, w„.e.: I BataA “““ 
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gradually displaced by the reading sounder, but not without 
opposition on the part of the superintendents of telegraph who 
were apprehensive, needlessly as experience proved, of the intro¬ 
duction of errors thereby. The first printing telegraph was that 
due to Royal E. House^ the use of which was begun in 1847-1848 
and continued for many years in this country. This system 
employed a key-board the depression of a key of which resulted 
in the printing of a given letter on a strip of paper at the re¬ 
ceiving station. The speed of transmission by this system was 
about 50 words per minute. It was operated on lines 1000 miles 
in length. The Morse interests endeavored to bring this tele¬ 
graph printer within the scope of the Morse patents but were over¬ 
ruled by the courts. 

In the early days of the electric telegraph the methods of line 
construction were naturally crude, but every year saw improve¬ 
ments in the direction of workmanship and materials used. 
Wooden poles were used from the first in this country, but the 
forms of insulators and the materials used in their construction 
were multitudinous, and it was not until much bitter experience 
was had with various “ improvements ” in insulators that prac¬ 
tice converged on the glass petticoat form now universally 
employed in overhead electric telegraph work in this country. 
One of the so-called improvements termed the “brimstone” 
insulator was especially defective and nearly ruined several 
of the competing companies that employed it. This insulator 
consisted of an iron arm which screwed into an augur hole in the 
pole, the outer end of the arm carried a hollow pendant filled 
with sulphur into which an iron hook that upheld the line wire 
was inserted. ___ 

Boston and Portland between 1850 and 1853 and was able often in 
stormy weather to send to the Boston press columns of news when 
the Morse lines would not telegraph a word. We frequently, however, 
had trouble with “ tailings ” when the dots and dashes all ran together 
and made the record partially or wholly unreliable, so that in a message 
or series of messages of 500 or 1000 words there would be yards of record 
that would have to be discarded and the messages repeated. The later 
Use of artificial resistances or magnets largely eliminated this trouble. 
Bain used on his early lines (for his chemical solution) nitrate of ammonia, 
2 pounds to a gallon of water, and muriate of ammonia one pound to 
a gallon of water, and one-half ounce of yellow prussiate of potassia. This 
makes a fair solution, but we discarded it, (date not given) and substituted 
one half ounce red prussiate of ammonia and one pound of muriate of 
ammonia dissolved in one gallon of pure rain, or distilled water—iron 
pins were used with this.” 

3. Described in “ Manual of the Telegraph, Shaffner, p. 391. 
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The civil war in this country, 1861-1865, again directed the 
attention of the world to the great utility of the electric telegraph 
in war and while its use at this time did not perhaps materially 
aid in the advancement of telegraph engineering it emphasized 
the value of the Morse telegraph system for this purpose because 
of its simplicity and reliability in operation. 

The source of electromotive force for telegraph purposes in the 
bnited States up to the year 1855 was the Grove cell, which was 
displaced by a modification of the Smee cell known as the Chester 
battery, and this battery in turn gave way to the Callaud or 
gravity battery, of which up to the introduction of the dynamo 
machine in the year 1882, many thousand's were in use. In some 
of the main telegraph offices 5,000 to 15,000 such cells were em¬ 
ployed ; entire floors of large office buildings being set aside for 
their occupation. 

To meet the increasing demand for additional telegraph facilities 
in the decade 1870-1880, without resorting to the continual 
construction of additional line wires, the thoughts of inventors 
were directed to means for increasing the capacity of existing 
vires. To this end the chemical automatic telegraph, and the 
duplex and quadruplex systems of telegraphy were called into 
service. Thus in 1870 a compound wire of steel core and copper 
was erected between New York and Washington a distance of 275 
miles on which a chemical automatic system due to Mr. George 
Little was employed. This system was a modification of the 
Bain chemical telegraph previously mentioned herein. Origi¬ 
nally, adequate means were not provided in the Little system 
for diminishing the “ tailings,” or prolonged currents, due to the 
static capacity^of the line, at the receiving instrument, in conse¬ 
quence of which the speed of signaling was low. Subsequently 

Little introduced a plain resistance in shunt around the receiver 
with beneficial results. 


The Varley devices consisting of electromagnets in shunt with 
the receiver, and of condensers in series with the receiver* for the 
purpose of eliminating the tailings were subsequently em¬ 
ployed. (the electro-magnets probably first by H. Grace.) 
to ^eat advantage in this and certain other later auto¬ 
matic chemical systems in which a single row of holes 
in the perforated paper (and a uni-directional current) was 
employed; the condenser as thus employed virtually giving the 
equivalent of the double current method. Still later the speed of 

patent No. S543. 1862. U. S. Patent 78495. 1868.- 
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transmission on this New York-Washington line was increased 
to 900 words per minute by the substitution of an iodine solution 
and by using a platinum needle in place of a nitric acid solution 
and iron needle. 

An important contribution to the art of chemical automatic 
telegraphy at this stage was the Edison key-board perforator, 
which by the depression of a key perforated in a moving paper 
tape the characters necessary for any given letter. By the 
Little method of preparing the perforated tape not more than 
7 or 8 words per minute was feasible, while with the Edison key¬ 
board perforator the tape could be prepared at a maximum 
rate of 40 words per minute, the average being about 25 words per 
minute. This key-board.perforator while highly ingenious from 
a mechanical point of view was somewhat cumbersome in opera¬ 
tion. The key board was about 18 inches in length, and the 
keys had a drop of about 2 inches requiring strong pressure to 
carry them down. As a writer of the period remarked “ An 
hours work on one of these punches is a severe strain on the 
muscles of a strong man.”^ An important test of this system 
was made between Washington and New York, January 27, 
1874 when the President’s message on the Spanish “ Protocol” 
consisting of 11,130 words was transmitted. This matter was 
prepared for transmission by ten perforators in 45i minutes. 
The message was transmitted in 59 minutes. Time from the 
beginning of perforation until message received at distant end 
of the wire, 53 minutes. The time consumed in translating the 
characters by ten operators in New York was about 45 minutes, 
or roughly it required 72 minutes for the entire operation. 
Four Morse operators on 4 single wires^ it may be remarked, are 
capable of transmitting a message of this length in 55 minutes. 
In the practical operation of this system by the Automatic 
Telegraph Company on its single wire from New York to Wash¬ 
ington, D. C., during 1873-1874 business was frequently badly 
delayed by the breaking of the wire, there being no emergency 
wire, or alternate route. This fact undoubtedly detrimentally 
affected the commercial success of this system, a result that 
must obviously follow in all cases where but one route or only 
a limited number of wires between the important business 
centers are available. This automatic system® was subse¬ 
quently employed, more or less in combination wit h the Morse 

6. (Described in “ The Electric Telegraph”, Prescott, Vol. 11, p. 727.) 

5. “The Telegrapher,” 1875, p. 109. 
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Ilian ual s}asteni, on the lines of the Atlantic and Pacific Tele¬ 
graph Company until the year 1876, when it was gradually 
displaced by the Morse manual method of transmissiond 

From about 1880 to 1884 the American Rapid Telegraph 
Company and its successors the Banker’s and Merchants, and 
United Lines Telegraph Companies, operated a chemical auto¬ 
matic system known as the Foote & Randall system. These 
companies lines (compound copper coated wires) extended from 
Boston and New York to Washington, Pittsburgh, Buffalo, 
Cleveland and intermediate points. In this systemt he double- 
current method was employed. The prepared paper was per¬ 
forated in two rows as indicated in Fig. 1. 

Dots wei-e represented by one hole on either side of the strip, 
the dashes by two holes. Consecutive dots, and dashes, were per- 
forated diagonally on alternate sides of the paper strip as shown 
in the figure. Two metal drums d, d' connected with the positive 
and negative poles, respectively, of the battery were placed side 
by side in such a manner that one drum came under the holes 
on one side of the paper, the other under the holes on the other 
side. Transmitting needles or brushes n, id connected jointly 
to the line wire were arranged so that each was in line with one 
row of holes on the paper. By the arrangement of the holes as 
shown each consecutive character of a letter, and the first 
character of a following letter were made by a different polarity 
to that making the preceding character and consequently all 
letters containing more than one character were represented 
by dots and dashes on alternate sides of the received paper strip. 

i . About the years lSo5-/ /, the widely advertised claims of the Atlantic 
and Pacific Telegraph Company relative to the advantages of the chemi¬ 
cal automatic and heatstone automatic telegraph systems controlled 
by that company were having a depressing elfect on the stock of the 
Western Union Telegraph Company. Presumably to offset this effect 
President Orton of the last named company contracted with Messrs. 
Craig, Randall and Foote to pay $500,000 for a chemical automatic 
telegraph system that would be superior in every respect to that operated 
b} the rival company. Tests "were made of the new automatic system 
and the experts reported that all the technical conditions of the contract 
were fully met. Upon the sudden death of President Orton shortly 
thereafter hovcev’er complications arose, a compromise offer of $250,000 
being declined, w hereupon the contract was abrogated and the inventors^ 
interests in this system w^ere turned ov^er to the American Rapid Tele¬ 
graph Compan}^. It may be added on the authority of Mr. C. A. Ran¬ 
dall that the inventors finally received about $15,000 as their portion of 

the amount received for the patents covering the automatic system 
bearing their name (W. M. Jr.) 
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At the receiving station needles were cLrmnged in series in 
the line circuit as outlined, and rested on the sensitized receiving 
paper p. As the chemical solution is decomposed only by a current 
of positive direction, marks were made by the needle n with 
currents from battery E, and by needle n' with currents due 
to battery E'. In this system advantage was taken of the 
retardation of current due to the static capacity of the line in 
forming the dashes; the short perforations, all of uniform length, 
also limiting the time of contact of battery with the line, and 
thereby limiting the charge imparted to the line at each contact. 
The records thus produced were easily read by copyists. This 
system was capable of transmitting clear, legible characters be¬ 
tween New York and Boston at the rate of 1000 words per min¬ 
ute, and 500 words per minute were ordinarily so transmitted. 
Messages were prepared by operators using the Anderson key¬ 
board by means of which 30 to 50 words per minute could be 


o o o 


o o o 
~ 


o 



LINE 




Fig. 1. —Foote and Randall chemical automatic telegraph 


perforated, the machine operating with the ease of an ordinary 
typewriter. In June 1883, the American Rapid Company 
had in operation over 2,400 miles of pole line and 14,000 miles of 
wire. As already intimated this company began operations with 
the use of compound wires (6 ohms per mile) consisting of a steel 
core covered with a copper strip each weighing 200 lb. to the 
mile. This compound wire proved unsatisfactory, owing it 
was claimed to imperfections in manufacture which led to breaks 
or openings in the copper strips admitting moisture and ulti¬ 
mately causing the copper to peel off in long lengths. Subse¬ 
quently No. 6 iron wire was employed as line wires by this com¬ 
pany. The rates charged by this company in 1881 for trans¬ 
mitting messages was $1.00 for 195 words between New York 
and Boston, but experience showed this rate to be unprofitable 
and it was increased to 15 cents for 20 words. The Foote and 
Randall automatic system was set aside in 1884 upon the financial 
failure of the company. 
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In 1881 the “ Leggo ” chemical automatic system was in¬ 
stalled by the Postal Telegraph Company between New York 
and Chicago (1,000 miles) on its two 1.7-ohm-per-mile wires (com¬ 
pound steel and copper) on which by the Leggo system 1000 
words per minute were commonly transmitted. Taylor found 
by experiments on these wires that up to 400 miles, a speed of 
400 words per minute was possible by the old Bain method; that 
is without compensating for line static,® but at a distance of 
700 miles the signals arrived in a continuous black line. To 
remedy this defect Taylor introduced an extra battery E'^ 
Fig. 2 at the receiver R in opposition to the transmitting bat¬ 
tery E. The e.m.f. of battery E' was one third of that of E. 
r, r' w^ere adjustable resistances. With this arrangement a speed 
of 1200 w^ords per minute was possible on this New York- 
Chicago circuit. 

The method of preparing the messages for .transmission by the 



Fig. 2, Taylor arrangement of Leggo’s automatic telegraph 


Beggo automatic system consisted in depositing an insulating 
ink spirally on a revolving metallic cylinder by means of a spout 
attached to the armature of an electro magnet operated by a re¬ 
lay or Morse key in a main or local circuit. The dots 
and dashes thus recorded were transmitted from the 
metallic cylinder at high rates of speed over the line 
circuit. An advantage claimed for this method of recording 
signals for re-transmission by Morse telegraphy was that .the 
business originating at branch offices and way offices could be 
transmitted over through wires automatically without further 
preparation. The extra battery E' was kept constantly to the 
line during operation and at the instant when the transmitter 
needle or brush passed onto the insulated ink on the drum this 
negative polarity cut short the tailings.® The Leggo automatic 


8. See article of Theodore F. Taylor, Electrical World, May 24, 1884. 

• u ^ batteries for this purpose is perhaps suggested 

m Prescott s Electric Telegraph/’ 1866, p. 137. 
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system was abandoned for lack of patronage after a compara¬ 
tively short period of operation^® 

Since the discontinuance of the American Rapid and the Leggo 
Systems there has been no extensive employment of automatic 
chemical telegraphs in this country or elsewhere although workers 
in this field like Anderson and Delany have devised certain 
features designed to be conducive to greater reliability of oper¬ 
ation and speed of translation of the received characters, notably 
perhaps the Anderson page method of recording the message 
which enables the attendant to observe the condition of the 
incoming signals as they arrive, and simplifies the reading of the 
characters by the copyist". It also lends itself readily to means 
for drying the paper speedily as received, thus obviating, or 
minimizing an objection to ‘‘wet” strip, namely the tearing of 
the strip. 

The well known Wheatstone system of automatic telegraphy 
was introduced on certain circuits of the Western Union Tele¬ 
graph Company in 1883, and its use was continued thereon up 
to a comparatively recent period when it was^^ to a considerable 
extent displaced by the Buckingham-Barclay printer. Further 
reference will subsequently be made to this subject. 

As previously stated the employment of duplex telegraphy 
began about the year 1868, and on short lines was practiced 
with a certain degree of success without any device to compensate 
for the static discharge from the main line. Stearns, however, 
applied the condenser to the artificial line for this purpose in 
1872, whereupon the general use of the duplex ensued. Subse¬ 
quently in 1873-74 the Edison quadruplex was placed in opera¬ 
tion on the Western Union Telegraph Company’s lines and after 
numerous modifications of apparatus and circuits finally reached 
its maximum efficiency about 1884. In the year 1886 there were 
about two hundred quadruplex sets in operation in the United 
States, these, it was estimated, providing additional, or ” phan¬ 
tom ” wire facilities equivalent to 150,000 miles of line wire, the 
value of which was approximately eleven million dollars. 

Much of the success of the quadruplex system between the 
years 1885-1895 is no doubt properly ascribed to the extensive 
employment of hard drawn copper wire for telegraph purposes, 
beginning in 1885. The period indicated was also prior to the 

10. See Transactions A. I.E. E., 1897, p. 139. 

11. See “ American Telegraphy and Encyclopedia of the Telegraph,” 
Maver, p. 294. 

12. Chap. XXVII. 
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advent of high tension power transmission lines in proximity 
to telegraph circuits, the inductive disturbances from which un¬ 
doubtedly have had a very detrimental effect upon quadruplex 
operation, and to which subject also further reference will be 
made. 

x4s an instance of the extent to which duplex and quadruplex 
operation has been utilized in this country in proportion to 
existing wire mileage, it.may be noted that in the case of the 
Baltimore & Ohio Telegraph Company which had a total of 
50,978 miles of wire in operation in 1887, (reaching from Port¬ 
land, Maine to Galveston, Texas, via New York, Washington, 
Chicago, St. Louis, etc.,) 23,482 miles thereof were assigned to 
the aforesaid duplex and quadruplex service, producing 56,553 
miles of phantom circuits. Of the total miles of wire mentioned 
there were approximately 4,655 miles of No. 12 and 3,605 miles 
of No. 14 hard drawn copperd^ 12,726 miles of No. 6 iron, 25,345 
miles of No. 8 iron, 3,944 miles of No. 9 iron, and 252 miles of 
No. 12 iron wire. 

In the years 1885-86 the Delany synchronous multiplex sys- 
tem^^ was in experimental operation on a circuit of the Balti¬ 
more & Ohio Telegraph Company’s lines. On short lines this 
system gave the equivalent of six transmissions simultaneously, 
but owing largely to difficulties introduced by the static capacity 

of the line, its employment on long lines was not available at 
that time. 


13. ^ This was doubtless the first extensive employment of hard drawn 
wire in telegraphy. At this time quite conflicting views were held as to 
the’Utility of this metal for overhead telegraph circuits; the advocates 
of silicon-bronze and phosphor-bronze wire claiming superiority for 
those materials. The experience of twenty-five years has, however, 
fully justified the favorable opinions of the pioneer users of hard drawn 
copper wire regarding its many advantages. 

It may be further noted as an interesting item of telegraph history 
that owing to the expiration in 1880, through inadvertence, of the Canadian 
patent No. 4608, of April 10, 1875, covering the Edison quadruplex 
that system was unprotected by patents in this country after the first 
mentioned date. A legal contest was, however, waged by the Western 
Union Company against the Baltimore & Ohio Telegraph Company for 
infnngement of Stem^s patent No. 126,847, of 1872, covering the applica¬ 
tion of the condenser to duplex and quadruplex telegraphy. An 
injunction pendente hte was denied by the courts on the ground that the 
on^nal Steams patent had been so broadened by successive re-issues 
as to raise reasonable doubt as to its vaHdity. The matter was still in 

^ tigation when the defendent company was merged with the Western 
Umon Company in October, 1887. 

14. Besciibed in “ American Telegraphy,” Maver, Chap. XXI. 
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Sources of Electromotive Force in Telegraphy 

As already noted herein gravity batteries as a source of e.m.f. 
for telegraph service have been almost entirely displaced in this 
country by machine generators. The type of generators used 

and the arrangement of equipment vary according to the local 
. requirements. 

In some instances the generators are driven by gas or steam 
power developed on the premises, but as a rule public service 
mains are utilized to operate the machines, either as motor- 
generators, or by means of separate electric motors. At points 
where the only commercial current available is alternating, it is 
customary to operate from this source an induction motor-driven 
direct-current generator which in turn furnishes power for the 
operation of direct-current motor-generators. In numerous 
cases where driving power to operate the motor generators is 
derived from public service mains, emergency gas or gasoline 
engines are installed to insure continuity of service in the event of 
prolonged interruption of the commercial power circuits. One 
method of arranging these machines in large terminal offices 
consists in arranging a certain number of them of equal voltage 
in series, thereby furnishing a range of e.m.f. from, say 40 to 
400 volts, the machines being tapped by the various main line or 
local wires as required, the local and single wires taking from 40 
to 150 volts, respectively, the duplex circuits taking current 
at 200 volts and the quadruplex circuits at about 350 volts. 
As currents of both polarities are employed in these systems, two 
sets or gangs of machines in series, as stated, are. employed. 
Another method of arranging dynamos in terminal offices is to 
employ from 7 to 14 machines which deliver e.m.f.s ranging 
from 40 to 400 volts the lower voltage supplying current for the 
operation of sounder circuits, automatic repeaters, duplex and 
quadruplex pole changers, transmitters etc. An e.m.f. of 125 volts 
is used for main line simplex operation, generally way wires hav¬ 
ing a number of offices on the circuit. Machines supplying re¬ 
spectively 200 volts of positive and negative polarity are allotted 
to duplex operation, while 385 volt machines of positive and 
negative polarity, respectively, provide current for quadruplex 
circuit operation. The general arrangement and appearance of 
these machines are shown in the accompanying illustration.^^ 
Storage batteries also have been utilized quite largely in tele¬ 
graph service as sources of current for the operation of main line 

15. Described in “American Telegraphy,” Maver, pp. 47-227. 
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and local circuits. In general these batteries are charged from 
public service direct-current mains, or by locally operated direct- 
current motor-generators. The comparatively large loss in 
transformation of power, from the mains to, and in the storage 
battery itself, together with the cost of attendance and main¬ 
tenance of the motor-generators and the battery have acted as 
a deterrent to its extensive use in telegraph work, notwithstanding 
certain advantages in the way of constancy and reliability of current 
that such batteries may possess. The engineering departments of 
the commercial telegraph companies and of the larger railroad 



Fig, 2a.- 


-Typical arrangement of motor dynamos in teleeraph 

work ^ 


companies have therefore foUowed closely those developments 

and m?re efficient 
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alternating-current sources. One of these rectifiers (the 
Hickley ”) consists of a solution or electrolyte, say, phosphate 
of soda a^d electrodes of carbon and aluminum, contained in a 

vessel V, Fig. 3, to which are attached radiator loopsi? which permit 

circulation of the solution (neces¬ 
sary on account of the heat de¬ 
veloped in the electrolytic cell) 
thereby preventing the weakening 
of any portion of the electrolyte 
more than another. The direct 
current supplied by the rectifier is 
of course, pulsating, but owing to 
the condenser effect of the cells 
whereby a portion of the negative 
current is recovered, currents are 
derived which are sufficiently 
steady for average telegraph re¬ 
quirements. With this rectifier SO 
volts direct current are procurable 
from 110 volts alternating current 
mains. The durability of the solu¬ 
tion and electrodes of this rectifier 
depends largely upon the amount 
of energy delivered, but if not 
overworked the rectifier will not 
require renewal oftener than once 
each year; assuming daily opera¬ 
tion of the device. A suitable 
transformer T is utilized to give 
either higher or lower voltage than 
that supplied by the available 
alternating-current mains, the recti¬ 
fier being constructed to supply 
e.m.fs. ranging from 6 to 1000 volts. 
Fig. 3. — The Hickley rectifier It may be noted also that some use 

is being made of small step down 
transformers of the bell-ringing type for the purpose of obtaining 

low voltages to operate call circuits, etc., operated in connec¬ 
tion with telegraph systems. 

Telegraph Printers 

It has long been recognized by certain telegraph authorities, that 
an ideal system of telegraphy would be a simple and reliable page 
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printer, capable of transmitting and receiving say from 600 to 
1000 words per minute on circuits of from 200 to 1000 miles in 
length. To the inventor of such a system will ensue wealth 
and fame. It is hardly conceivable, however, that a telegraph 
printer can be devised that will not possess a number of promi¬ 
nent defects that will act against its general employment; 
for example, the necessity of preparation of the message for 
transmission, and its comparative expensiveness and complexity. 
The first defect would preclude its use on hundreds of stock ex¬ 
changes and “broker” circuits; the second would debar it from 
thousands of small way wires. These disadvantages are inherent 
also in all automatic machine telegraph systems, electro-magnetic 
or electro-chemical. The superiority of the Morse manual 
system above all other systems in the foregoing respects is 
universally admitted. 

Reference has already been made in the opening remarks of 
this paper to the “ House ” printer. This printer was followed 
in x4merica by the so-called “ Combination ” printer, and by the 
Phelps printer,^® and in Europe by the Hughes and the Baudot 
systems, all of which retain the objectionable features of printing 
the received characters on a strip of paper. Moreover these 
systems are comparatively slow in operation, not attaining a 
speed of more than 60 words per minute in one direction, or in 
each direction if duplexed, although the Baudot system when 
operated on the synchronous multiplex plan increases quite 
materially the carrying capacity of a circuit. For some time 
past in America efforts have been made to obtain higher speed 
page printing telegraph systems; that is, systems by which 
the received message will be printed on a regulation telegraph 
blank ready for delivery. Several different systems of this 
kind have been recently placed in operation in the United States, 
namely the Buckingham-Barcla}?-^^ printer on the lines of the 
Western Union Telegraph Company, the Rowdand multiplex 
printer,^® experimentally on some of the lines of the Postal 
Telegraph Cable Company and the Wright printer, to be briefly 
described presently. The capacity of the Buckingham-Barclay 
printer is about 100 words per minute in each direction on a 
circuit 1,000 miles in length with repeaters midway. The ca- 
pacity o f the Rowland printer worked octoplex would be about 

16. See “ Electricity and Electric Telegraph,” Prescott, Vol. II, p. 652. 

17. Described in “American Telegraphy,” Maver, Chap. XXVII 

18. Ibid. ■ 
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280 words per minute on a circuit of moderate length, say 250 
miles. The Buckingham-Barclay printer is cjuite extensively 
used at present and has been shown to possess marked ad¬ 
vantages over its predecessors in printing telegraphy, and as 
previously noted has supplanted quite largely the Wheatstone 
automatic system in this country. It is possible, however, that 
a critical analysis now under way of the respective merits of 
these systems as regards rapidity, reliability, accuracy, and econ¬ 
omy of operation may disclose results somewhat favorable to the 
Wheatstone system. It is not unlikely that, for the handling of 
the increased business due to public appreciation of the 
night “ letter-gram ” service recently inaugurated by the 
large telegraph companies in this country, resort may be had to 
the Wheatstone system or to one or other of the freely available 
rapid atuomatic telegraph systems mentioned herein, or to others 
that may be developed.* The merits of the Wheatstone system 
for service of this general nature has long been recognized in 
Europe especially in the British Postal Telegraph department 
where it has attained a speed of from 400 to 600 words per minute 
on the shorter circuits. 

One notable advantage over printing telegraph systems pos¬ 
sessed by the Wheatstone or other automatic systems, in which 
the received messages are translated by a copyist (in common 
with the Morse manual method, but not by any means to the 
same degree), is that signals mutilated in transmission that would 
be beyond recognition in the printed record, may often be de¬ 
ciphered correctly from the tape by an expert operator or 
copyist. Another important advantage of the Wheatstone sys¬ 
tem is that its main line apparatus is adaptable either to man¬ 
ual Morse or to high speed transmission by the simple move¬ 
ment of a small switch. 

« 

It must be noted, however, that the conditions now surrounding 
telegraph circuits (referred to elsewhere in this paper), such as 
high-tension inductive disturbances, and excessive retardation 
due to the presence of stretches of underground cable, were 

* Under this “ night letter ” service the companies receive not later 
than midnight fifty word messages (or less) to be transmitted for de¬ 
livery on the morning of the next ensuing business day at the standard 
day rate for ten words, one-fifth of the standard day rate for ten 
words being charged for each additional ten words or less in excess of 
fifty words in the night message. The companies reserve the option to 
mail these night telegrams at destination to the addressee. The mes¬ 
sages must be written in plain English. 
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non-existent when the high speed automatic systems referred 
to were in practical operation, and these conditions, it may be 
anticipated, will reduce the speed efficiency in at least direct 
proportion to the sensitiveness of the respective systems. The 
night operation of such circuits, would, however, have the ad¬ 
vantage of a minimum disturbance from parallel circuits, the 
exciting cause of which, except the stretches of underground 
cables, w^ould be less in evidence. Unfortunately this does not 
apply to static inductive disturbances from adjacent high-po¬ 
tential transmission lines, which are in constant operation. 

The Wright printer due to Mr. John E. Wright may be operated 
by ordinary typists unfamiliar with the Morse code, as the 
transmitter is equipped with a standard typewriter keyboard 
which may be operated at typewriter speed, and the depression 
of a key of which selects a combination of positive and negative 
impulses, wffiich, passing to line select a corresponding letter for 
printing at the distant receiving typewriter. The electro¬ 
mechanism of the transmitter prints a tell tale duplicate of the 
outgoing message in page form. The transmitting potential 
is 385 volts of each polarity. The line instrument is a polar 
relay of the duplex type that operates locally a magnet which 
in response to given combinations of incoming currents is de¬ 
signed to control the movements of a type-wheel, capable in 
operation of selecting and printing a given letter, of revolving 
around its axis, moving perpendicularly in the line of its axis, 
and laterally across the message blank at right angles to its 
axis, all of which movements are reversible. The receiving 
typewriter prints directly in message form the received tele¬ 
gram, the blanks being fed to the machine by an attendant who 
watches the copy during the printing to guard against errors. 
The disposition of the letters of the alphabet the numerals and 
punctuation marks on the periphery of the type-wheel is such 
that in practice it is found that regardless of the position of the 
wheel any letter may be selected and printed with an average of 
three and one half current impulses from the transmitter. The 
speed of this printer in operation on lines up to 300 miles in 
length is about 40 words per minute in each direction. 

It may be noted that in America, telegraph operators during 
recent years have adopted extensively a keyboard, and other 
semi-automatic devices for the transmission of the Morse alpha¬ 
bet, which devices quite largely increase the rapidity and facility 
of transmission over the regulation key method. American 



1910] 


AMERICAN TELEGRAPH ENGINEERING 


1319 


operators have also very generally adopted the typewriter for 
transcribing received messages. Primarily these instruments 
were adopted as labor saving devices, greatly reducing the 
mental and physical strain on the operator, and making it possible 
for operators who had “ lost their grip ” of key or pen, to return 
to the ranks of first class operators. The public appreciation of 
the typewritten copy was such also that the telegraph companies 
encouraged the use of the machine by increasing the compensa¬ 
tion of typewriter telegraphers. Further, the use of the type¬ 
writer in combination with the marvelous abbreviations employed 
in the transmission of press matter, by code^® considerably 
diminished the demand for rapid automatic or printing tele¬ 
graphs, at least for that service, by bringing the performance of 
Morse working well up to what might be expected from printing 



Fig. 3a.—The mecograph 


telegraph systems. The semi-automatic transmitting key 
termed the Martin mecograph or modifications thereof is used by 
perhaps four-fifths of the operators of this country. Briefly, it 
consists of a contact, which when moved to one side manually 
by the operator makes a dash, and of a vibrating rod or pendu¬ 
lum, that when moved to the other side automatically vibrates 
(until stopped by the operator) in the act of so doing making 
any desired number of dots. It is estimated that 60 per cent 
more movements are required in sending by the ordinary Morse 
key than by this device, shown in the accompanying illustra¬ 
tion, Fig. 3a. 

Direct Point Repeaters 

During recent years a demand has grown up for fast duplex 
telegraph service, in order to provide direct communication 

19. See “ Phillips_Code,” W. P. Phillips. 
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between large centres remotely separated. For instance, the vast 
amount of traffic which arrives at, and which originates at the 
large eastern cities of this country destined for China, Japan, 
the Philippines and other Asiatic countries requires that these 
cities shall have direct communication with the Pacific cable 
office in San Francisco. Formerly the arrangement of apparatus 
used in repeating from one multiplex set into another was that 
whereby the receiving relay controlled the sending transmitter 
through local connections, but the mechanical inertia of these 
instruments and the increased number of local contact points 
through which the operation was controlled did not conduce to 
high efficiency. The duplex repeater now used on both the West¬ 
ern Union and on the Postal Telegraph lines is known as the 
“ direct point ’’ repeater, and is similar in operation to the 
Wheatstone duplex repeater. By referring to Fig. 4 it will be 
seen that the arriving signal from the east will actuate the right 



hand polar relay P P, thus placing for instance the armature of 
that instrument in contact with the 200-volt negative, e.m.f. 
which is given an outlet through the left hand polar relay to the 
line west, and signals arriving from the west are relayed 
to the line east by a reverse operation. It is now cus¬ 
tomary to wire up polar duplex and the polar side of quad- 
ruplex sets so that this efficient method of repeating may be 
utilized. Inasmuch as the local contact points of the polar relays 
are in this case employed to deliver line currents, special devices 
are provided to control local circuits for operating the reading 
sounders. For instance, in the Western Union type of duplex 
repeater the polar relays are equipped with double armatures, 
mechanically jointed together, but separated electrically, one 
contact controlling the line potentials, and the other the local 
circuit. The method employed by the Postal Telegraph 
Company is the.well known “leak” arrangement. A single 
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tap is taken off the armature contact of each polar relay and led. 
to ground through a polar relay and a 20,000-ohm coil. An¬ 
other method of accomplishing the same result is to substitute 
a 0.5-m.f. condenser for the 20,000-ohm coil thus obtaining 
the same response in the polar relay without any loss of current 
through the leak coil to ground. Indeed when the condenser 
is used in place of the leak resistance, the polar relay may be done 
away with, the.circuit leading directly from condenser through 
a sounder and to ground. In this latter case the armature and 
stop adjustments of the sotmder are set so that the signals are 
all made on the upper stop screw. 

The type of duplex telegraphy now universally employed in 
this country is that in which the well known double-current prin¬ 
ciple is employed, and by means of the direct repeating relays 



mentioned, very long distances are spanned, for instance across 
the continent from New York to San Francisco, by many diverse 
routes. Ordinarily from four to six repeaters are used in these 
transcontinental circuits, and the speed of transmission is at 
least equal to the ability of the operator to manipulate the key. 
Ordinarily the differentially-wound polarized relay is employed. 

Superimposed Systems. “ Phantoplbxand Van 

Rysselberghe 

Since Varley^^^ there have been many workers whose aim it has 
been to increase the capacity of a single wire or a wire already in 
operation as a duplex or a quadruplex by superimposing thereon 
one or more pulsatory phantom circuits. 

. In the accompanying diagram (Fig. 5) is shown an arrange- 

20. Varley’s British patent, No. 1044, 1870. 
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ment of a “ phantoplex circuit on a quadruplex circuit that is in 
actual operation in many places in this country and by means of 
which a “ sextuplex ” is obtained. 

In the figure one station only is shown. G, G' are the sources 
of e.m.f., for the quadruplex. P C represents the pole changer, 
T the transmitter with its shunt and leak resistances; NR in¬ 
dicates the neutral relay, P R the polar relay, and C R,C R' the 
compensating resistance of the quadruplex system, the local 
circuits of which are omitted in the drawing for the sake of 
clearness. As the operation of the quadruplex is generally 
understood,it will be necessary only to describe the phantoplex 
portion of the system. A C is a, high frequency generator, the 
circuit of which is controlled by a local relay L R and a key K. 
In the circuit of A 6* is a transformer T' the secondary coil of 
which is in the transmitting portion of the quadruplex system. 
Condensers C and C' provide a path for the high frequency cur¬ 
rents past the quadruplex relays, t and f are small transformers, 
the primary of t being in the main line, the primary of t' in the 
artificial line; and in the secondary circuit of which transformers 
is the phantoplex polar relay, which in turn operates a reading 
sounder not shown. This arrangement of transformers j5, f 
obviously renders relay 5 R irresponsive to the outgoing cur¬ 
rents of A C, but still permits it to respond to the high-frequency 
currents from the distant station. An unretarded path for the 
pulsatory currents is provided by a grounded condenser C at 
each station. The high-frequency currents of the phantoplex 
circuit are of a strength below that necessary to operate the 
quadruplex relays, but the armature of the phantoplex relay 
5 R being properly biased by spring tension responds to the 
high frequency currents. Incidentally there is shown in this 
figure at pole changer P C a “ coil ” condenser J C known as the 
“Johnson’' coil consisting of three separate coils of German 
silver wire wound on a wooden bobbin with an air core, the spool 
being about seven inches long and an inch in diameter. The 
coils are thoroughly insulated from one another by a double 
covering of cotton saturated with paraffine. One end of each 
winding is left open, the other end being connected as shown in 
the diagram. This device is efficacious in eliminating the sparks 
at the contact points of the pole changer. 

In many cases Morse duplex circuits or portions of them are 
used simultaneously as telephone circuits, the wires of two such 

21. See “American Telegraphy,” Maver, p. 217. 
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duplex telegraph circuits being employed as one metallic circuit 
for telephonic purposes. One such arrangement is depicted in 
Fig. 7. Here P C^ P C may represent the pole changers at a 
teiminal (or a repeating station as shown in Fig. 4) of two 
duplex circuits, furnished with e.m.f. by generators G. The 
Wheatstone bridge method of rendering the polar relays irrespon¬ 
sive to the home pole changers is used, the arms of the bridge 
being formed of a double retardation coil R C which is found to 
be an efficient, practical device. In some cases the armatures of 
the polar relays P R are equipped with retractile springs so 
that the polar duplex apparatus may be availed of for simplex 
operation when desired, which result is accomplished by dis¬ 
connecting one contact b b of the pole changer from a generator. 
These relays also have double local contact points on the arma¬ 
ture levers a, a' shown theoretically in the figure, one of which 
controls the local reading sounder S, the other sounder S' in a 
branch office. The telephone apparatus utilizing the two duplex 
circuits DC, DC is shown at T. c, c, c, c, represent 4 m.f. 
condensers; i, i are 30-ohm retardation coils. This arrangement 
of the telephone, in oiie instance, is used successfully on duplex 
telegraph circuits to a distance of 360 miles, the entire length 
of the duplex circuits being 1000 miles without repeaters. 

Composite circuits (originally the Van Rysselberghe simul¬ 
taneous telegraph and telephone system) are employed in this 
country and Canada very extensively; notably by the American 
Telephone & Telegraph Company, also by the telegraph depart¬ 
ments of several large railway companies. Between New York 
and,Boston alone at least fifty leased telegraph wires are in daily 
operation on long distance telephone circuits, and this dual use 
of circuits is being rapidly extended in telegraph practice, all 
new line construction being designed with this end in view as 
noted elsewhere herein, the increased earning capacity of the wires 
thereby gained being the obvious incentive thereto. 

Inductive Disturbances on Telegraph Circuits 

In the pioneer days of telegraphy when routes were being 
sought for pole lines, the rights-of-way of the existing steam rail- 

22. For an account of the first experiments with this system (which has 
now grown to such large proportions) by Prof. F. Van Rysselberghe in 
this country (1885-1886), see article in Electrical World, October 6, 
1888, by William Maver Jr., by whom also it may be of interest to note 
the first set of Van Ryssellberghe’s apparatus for simultaneous telegraphy 
and telephony was by request installed experimentally on a circuit 
of the American Telegraph and Telephone Company between New York 
and Philadelphia in the Spring of 1890. (March 1-5.) 
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roads were utilized wherever possible for the obvious reason that, 
as the proper movement of trains required the constant use of the 
telegraph, the questions of construction, maintenance, and 
prompt repairs were thus solved to the best advantage of the 
railroad and the telegraph companies. The growth of telegraph 
traffic was however, rapid, and between the larger centres, at 
least, additional pole lines on highways were soon built to meet 
the constantly increasing demand for wires. In the course of 
events also the time arrived when the displacement of the steam 
locomotive by the trolley car and electric locomotive for train 
haulage introduced the high-tension transmission circuit, which 



being naturally erected along the railroad tracks, at once men¬ 
aced the value of a railroad right-of-way for telegraph purposes. 
It developed, also, that long distance transmission lines carrying 
high-tension alternating currents in numerous instances began 
to parallel the railroad rights-of-way as generally affording the 
most direct and favorable routes between cities, thereby adding 
another disturbing factor to the operation of telegraph lines 
following the same routes. 

Apart, however, from the serious inductive disturbances due 
to the close pmximity of such high-tension transmission lines, 
the subject of inductive disturbances on telegraph lines is not a 
new one, for mutual inductive disturbances between telegraph cir¬ 
cuits were encountered as remotely as 1876 in the dry climate of 
some of the western states, on lines operated as simplex Morse 
circuits extending from Omaha, Nebraska to Salt Lake City, Utah. 
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Upon tiiG introduction of the quadruplex shortly thereafter mutual 
induction between parallel wires manifested itself as a disturbing 
element at numerous points, due to the comparatively high e.m.f.s 
then used on quadruplex circuits, about 300 volts; and as, in the 
ordinary operation of telegraphy, single wires grounded at each 
end are employed, the well known method of transposing the 
wires at intervals to obviate mutual induction effects was not 
available as a remedy. Fortunately the reduction of efficiency 
due to this source of inductive disturbance was not very marked, 
and could, generally speaking, be overcome by an increase 
of e.m.f. at the terminal stations to 375 or 400 volts. 

One of the first methods suggested to eliminate, or ameliorate 
the disturbances due to mutual induction was devised and tested 
by Mr. Chas. H. Wilson in 1876, in the western part of this 


R 



country. The method is indicated in Fig. 7 as applied to single 
wires'*^. The object of the arrangement is to set up by means of 
small transformers (7, currents in wire A, opposite to those 
induced in wire A, by wire B, and contrariwise. R, R' are ad¬ 
justable resistances, a, a', h, N are small choke coils. This ar¬ 
rangement was subsequently used on quadruplex lines between 
Chicago, Buffalo, and Pittsburg, but not very successfully owing 
to the lag caused by the employment of the transformers Cin the 
circuit which augmented the period of reversal to such an extent 
that the No. 2 side of the quadruplex systems was detrimentally 
affected thereby. 

The continual extension of power transmission and other high 
potential circuits in close proximity to telegraph circuits however 
created inductive disturbances so inimical to the operation of 
the telegraph that further means were sought to effect a remedy, 

*See “The Speaking Telephone,” Prescott, 1878, p. 362. 
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short of changing the route of the telegraph pole lines, and a 
number of corrective devices have been suggested some of which 
in practice have been fairly successful under certain conditions 
and in certain localities, but have not always met the require¬ 
ments elsewhere. 

One of these means of obviating harmful induction from high 
tension power circuits on single Morse wires, due to Mr. E. W. 
Applegate is shown in Fig. 8 in which a resistance i?, consisting 
of a carbon stick is connected across the main line contacts of 
the relay M L. By means of this shunt the rapid induced cur¬ 
rents from neighboring alternating current circuits are given 
a path past the relay, and chattering of the armature is further 
avoided by increasing the tension of the retractile spring 5. 
It was found that these devices tended to impede the action of 


telegraph line 



7 VOl.TS 


key 


Fig. S. Applegate “ Static pick-up. 




the armature a. to overcome which tendency an extra battery 
, o SIX cells are added, which by partly magnetizing the relay 
cores When the armature is on its back stop, effects this result 
This device which is termed a “ static pick-up ” has been success¬ 
fully used on a number of telegraph circuits where nTetallic 
circuits had been resorted to owing to the inductive disturbances 
rom a frequently unbalanced 60 , 000 -volt three phase system 

.0 res.„. si«gle" J”p. arrangement made it poesibl, 

grat”h‘JjVSe to disturbances on tele- 

grapn vires, due to Messrs. Blakeney and Chetwond Ic cXra 

SSn'-t'lfe 

Via . and < „blle tbe reXtwISltrvlS'tL: ^ 
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coils via the inductive resistance n, and non-inductive resistance 
n', when key K is closed. 

A brief description will now be given of one of the more recent 
methods put into practice for the purpose of offsetting inductive 
disturbances on telegraph circuits due to the close proximity 
of high tension electric traction circuits resulting from the 
electrification of the New York, New Haven and Hartford Rail- 



Fig. 9. Blakeney and Clietwood inductive disturbance diverting device 

way. To nullify electro-magnetic induction, current transform¬ 
ers C r with a 1:1 winding, Fig. 10, are inserted in the tele- 
graph lines at intervals of tw^o miles. To neutralize electro¬ 
static induction the secondaries of potential transformers P T 
are used in connection with condensers C as outlined in the 
figure. The primaries of the transformer are placed in a special 
neutralizing wire or in the disturbing wire itself. By placing a 



Fig. 10.—Inductive disturbance neutralizing device 

number of secondary coils in multiple, one neutralizing wire may 
suffice for a number of telegraph wires. As the neutralizing wire 
is subject to the same inductive effects as the telegraph wires, 
the currents developed in the former may be arranged to oppose 
those due to the disturbing wire.^^ 

23. For further details of this general subject see “ Telegraph and 
Telephone Systems as Affected by Alternating Current Lines ”, J. B. 
Taylor, Trans. A. I. E. E., Oct. 1909. 



MAVER AND MC NICOL: 


[June 29 


It has been found in practice that the neutralizing of inductive 
effects by the foregoing arrangement is seriously interferred with 
by escapes from direct current trolley lines which enter and ener¬ 
gize the transformers. Variations in load on the alternating 
current line, phase distortion, etc., also add materially in pre¬ 
venting anything more satisfactory than an amelioration of the 
harmful inductive effects. Furthermore, in this particular case, 
the slight improvement noted is obtained at the loss of three 
copper neutralizing wires, in addition to the first cost and main¬ 
tenance of the additional apparatus required. In general it may 
be stated that the various devices offered hitherto as inductive 
disturbance correctors have been rather of a palliative than of 
a positive remedial nature, and inasmuch as the tendency is to 
increase the use and the potentials of high tension transmission 
circuits, it appears evident that to meet or evade this situation 
successfully constitutes one of the most serious problems now 
confronting telegraph engineers. The basis of a solution of the 
problem may possibly be found in subsequent remarks herein. 

Main Line Relays 

The ohmic resistance of relays used in Morse telegraphy has 
undergone numerous variations during the past forty years in 
this country. Relays woimd to 1200 and 1500 ohms were not 
uncommon. x\t one time the resistance of main line relays was 
calculated on the assumption that for the best results the total 
resistance of the relays in a circuit should be equal to the re¬ 
sistance of the line wire.^^ Thus on a circuit 300 miles in length, 
measuring, say 15 ohms per mile, with fifteen stations on the 
line, the relays would be wound to 300 ohms. There was, 
however, little or no uniformity in the winding of the relays 
and but little supervision of the quality of the copper used in 
the vinding, which in the early sixties of the last century varied 
in commercial copper from 14 to 85 per cent that of pure copper. 
Measuring instruments of accuracy were at the time referred to 
a rarity in this country and no proper methods of ascertaining 
the condition of the lines as regards electrical resistance and insu¬ 
lation were in vogue. In 1867 the late Mr. C. P. Varley, the well 
known English electrician, was retained by the Western Union 
Telegraph Company to visit the United States for the purpose of 
making a thorough investigation of the electrical conditions of 
the lines and apparatus of that company. 

24. Modem Practice of the Telegraph ”, Pope, 1869 p. 125. 
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Following a thorough study of the subject supplemented by 
hundreds of tests of the lines, insulators, relays, batteries, etc., 
Mr. Varley presented a voluminous report to Mr. William Orton, 
President of the Company, December 20, 1867.^^ 

The report detailed in CKtenso, the condition of the equipment 
as disclosed by the tests, and made numerous recommendations 
for the improvement of the general service, such as the mak¬ 
ing of soldered joints, a reduction in the resistance of the 
relays used, and their re-winding to a uniform resistance of 
130 ohms, the wire used to be the best copper obtainable. He 
also recommended that fewer poles per mile be used in line con¬ 
struction and that a smaller number of wires be worked from one 
main battery—in fact that a separate battery be provided, for 
each wire. 

Prompt action was taken upon Mr. Varley’s report and recom¬ 
mendations, and very marked improvements folio wed thereafter. 
Mr. Madison Buell, for instance, in an article on “ Low Resistance 
Relays recounts that on the important circuit on which the 
Atlantic cable traffic between New York and Plaister Cove, N. S., 
was transmitted the repeaters were found to have relays ranging 
in resistance from 500 to 1,500 ohms. The relay of the “ Milli- 
ken ” repeater at St. John, N. B., had a resistance of 1,500 ohm. 
The relays at Boston, Portland, and Bangor had an average 
resistance of 1,200 ohms. All of these relays were rewound to 
80 ohms. Also, many improvements were made in wire jointing, 
insulation, and leading-in wires at all offices, with the result 
that whereas on this circuit before these changes were intro¬ 
duced six repeaters were necessary in bad weather and in clear 
weather three to four repeaters, after the aforesaid improvements 
were made but two repeaters were required in bad weather, 
and only one in clear weather to operate the circuit at top speed. 

In the course of time, however, relays of 150 ohms 
were adopted as the standard for simplex Morse circuits. 
For duplex and quadruplex service the neutral relays 
were wound to 200 ohms, the polar relays to 400 ohms, 
(each coil of the differential windings) and for many years 
these resistances have been the standard. But within the 
past 8 or 10 years, there has been a still further reduction of the 

25. Report of Cromwell F. Varley, Esq., “ On the Condition of the Lines 
of the Western Union Telegraph Company.” Mss. by Mr. J. D. Reid, 
lithographed. Copies in Wheeler Library, also in Mr. Maver’s library and 
probably in that of the Western Union Telegraph Co. 

26. Telegraph Age, Jan. 1, 1903. 
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resistance of main line relays (to 37ohms) on many of the commer¬ 
cial and railway telegraph way wires with a very pronounced im¬ 
provement in the operation of the circuits, especially in bad weather. 
At the present time the tendency of American practice is to the 
employment of lower e.m.f.s at the terminals of the circuit and 
to lower resistances in the relays for multiplex working. During 
the period when No. 9 iron wire was the standard for telegraph 
purposes, and when the insulation resistance of the lines, was 
far below present day requirements, a high e.m.f. was necessary 
in order to maintain proper current values, but by the substitu¬ 
tion of low resistance copper conductors in place of iron wire 
and with improved line construction, the way has been paved 
for the employment of lower voltages, and relays of much reduced 
resistance in multiplex operation. Thus some very satisfactory 
results have been obtained recently in different parts of the 
country on quadruplex circuits using e.m.fs. as low as 200 volts 
on well insulated lines of comparatively low resistance (2 ohms 
per mile) and with polar relays wound to 100 ohms and neutral 
relays to 50 ohms. The length of the cores of these relays has 
been somewhat increased. The “ potential ” resistance of 
600 ohms (usually inserted between the current generators and 
the multiplex apparatus) in these instances has also been reduced 
to 300 ohms, and the “proportion” resistance and “leak” 
shunt in the Field key system from 1200 to 600 ohms, and from 
900 to 450 ohms, respectively. The objective in these modifica¬ 
tions of the prevailing practice is to reduce the mutuul induction 
between parallel circuits and to render the relays less sensitive 
to inductive disturbances from any source. 

Some Telegraph Engineering Details 

It might be supposed that telegraph engineering has to do 
mainly wdfh purely physical and technical questions, but the 
close relationship existing between the handling of traffic (tele¬ 
grams, leased wires, etc.) and the machinery employed in handling 
it, is such that the telegraph engineer, perforce, finds himself 
involved in the study of traffic details which he cannot well omit 
without loss to the economies of operation. This for example 
obviously requires keeping in the engineer’s department an 
accurate record of existing wire facilities, data as to the daily 
efficiency of operation of all circuits (especially multiplex and 
automatic circuits) and information as to their electrical condi-, 
tion, together with carefully prepared tabulated records of 
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details pertaining to methods of traffic movement and the amount 
of traffic handled on the respective circuits throughout the sys¬ 
tem, in order at once to enable the engineers to determine whether 
existing facilities are being utilized to the best advantage, or 
whpther additional facilities, or modifications of the arrangement 
of present facilities may be deemed advisable. Information of 
this kind is especially important as a guide in the matter of under¬ 
ground construction and cable work extension. Thorough engi¬ 
neering organization results, amongst other things, in placing 
the engineer’s department in a position to intelligently and 
promptly decide all strictly engineering and related traffic 
questions that are continually arising in the operation of a 
large telegraph system. 

The graphic method of mapping circuits indicated in the accom- 
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Fig. 11 . Graphic method of mapping telegraph circuits 


panying diagram Fig. 11 to show at a glance the routes of the vari¬ 
ous wires, their allotted numbers, how operated, offices entered, 
material of wire, by whom owned, etc., has been found of great 
utility wherever used. The scheme which is clearly susceptible 
of many amplifications was probably first employed in the engi¬ 
neering department of the Baltimore and Ohio Telegraph Com¬ 
pany in 1885-88 by one of the present writers and it may be of 
interest to note that details of the nature indicated relating to 
over 50,000 miles of actual wire were shown on a map four feet 
long by 3 feet wide. The accompanying specimens of blank forms 
for certain reports were also used in the operation of the same com¬ 
pany, the information derived therefrom enabling the engineer’s 
department to maintain an intelligent supervision of the circuits 
that resulted in a clearly perceptible enhanced earning capacity 
in the case of numerous circuits. Somewhat contrary to 
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expectations these reports were prepared by chief operators or 
clerks at no additional expense. As will be readily understood 
the knowledge that the operation of all circuits was under 
constant impartial supervision was not overlooked by those 
directly in charge of the operation of the circuits. 

A comprehension of the condition of the insulation resistance 
and conductivity of every circuit, open or in cables is manifestly 
of great importance to the engineering department and reports 
of the tests of conductors for these properties are promptly 
forwarded to the engineer’s department periodically. 

The Telephone in Electrical Testing 

In America the tangent galvanometer has long since been set 
aside and simpler and quicker methods of circuit testing and 
fault localizing have been adopted. Many tests, such as those for 
insulation resistance and conductivity are now made with high 

resistance voltmeters, especi¬ 
ally where earth currents from 
adjacent grounded trolley cir¬ 
cuits (which frequently indi¬ 
cate an e.m.f. of 15 to 20 
volts) are not troublesome. 
The milliammeter is also used 
for making insulation resist¬ 
ance measurements not exceeding one megohm and for other elec¬ 
trical tests. The telephone receiver is used as an indicator in many 
tests. This instrument in connection with an “exploring” coil is 
largely utilized for localizing faults in aerial cables and in tmder- 
ground cables, especially where the latter are laid in conduits. In 
making these tests a high frequency current is established in the 
defective conductor and the exploring coil, a semi-circular coil 
of fine wire in circuit with the telephone, is moved from point 
to point along the cable sheath, the indications in the telephone 
increasing or diminishing as the defect is reached. The telephone 
receiver as a testing device is particularly advantageous for 
practical purposes as it places in the hands of the electrical 
worker or “trouble hunter ”, an instrument at once portable, 
and easily understood, and one that is not readily deranged by 
rough handling. Where a head-band is used to support the 
receiver the hands of the workman are free. 

For quickly determining by means of the telephone as an 
indicator the distance of a break in a cable conductor when the 
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insulation is normal, one method is as follows: Select th; 
ductors similar electrically to the open conductor b and a 
to each other, a, being next to b; c, being next to d and 
as shown in Fig. 12. G, is a source of alternating curren 
cables approximating 1000 feet in length the generator 
give from 40 to 130 volts. The resistance of arm A may 
to be 100, or 1,000 ohms. To make this test the fou 
should be opened at the distant end. Keys K, K' are thei 
and the resistance of arm D or rheostat is varied until rni 
sound is heard in the telephone receiver, when: 

LR 

-= F 

R' 


where L is the length of the cable in feet, R, the resistance 
.4, R' the resistance of rheostat D, and F is distance tc 
in feet. 

The Varley and Murray tests are still the standards for i 
accurate measurements for faults in conductors, and the 1 
stone bridge method for accurate resistance measuremeni 

Pole Line Construction—Aerial versus Underg 
Conductors—Notes on Duplex and Quadruple: 

Operation 

Owing to the confusion and general disarrangement of bi 
that usually follows the prostration of the telegraph wi: 
severe sleet or wind storms in this and other countries, 
notable occasion of this kind has been followed by insiste 
mands on the part of the interested business commi 
that measures be taken to prevent a recurrence of these disa 
ments. So much has this been the case that in Great B 
at least, where such storms are quite frequent, and where 
to the geographical shape of the country the loss of telegi 
communication due to the effects of such storms has bee 
with peculiar force, these demands have been met by the I 
government in the laying of an emergency telegraph 
between London and North Britain. The fact that such i 
mous demands are made for the prevention of even a temj: 
loss of the telegraph between important centers is, it m, 
remarked, a rather notable acknowledgement of the 
pensibility of this public utility as a part of the commercis 
social structure of a country. 
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Apart from the very important matter of maintaining un¬ 
interrupted telegraphic communication regardless of weather 
conditions in the interests of the general public it may safely 
be assumed that the various telegraph authorities in this country 
have not been unmindful of the financial losses sustained by the 
telegraph upon the occasion of each recurring collapse of poles 
and wires, and that every possible remedy therefor has been 
most carefully considered. Furthermore, telegraph lines are not 
only subject to widespread damage from abnormally severe 
sleet and snow storms, but are also in many places exposed 
to the ravages of forest fires, avalanches of snow, washouts 
due to floods, and to destruction by lightning. Again the 
average life of a pole line in all parts of the country prob¬ 
ably does not much exceed ten years. Consequently, if the 
financial and engineering difficulties in the way of placing 
telegraph wires underground on a large scale had not been 
practically insurmountable, that solution of the problem, 
unquestionably, w^ould have been long ago adopted. But it 
is well knowm, for instance, that the increased static capacity 
and mutual induction of the conductors carried in cables tend to' 
reduce very materially the length of circuit that may be used 
in satisfactory telegraph operation. Already indeed the presence 
of a comparatively limited amount of underground cable in 
the circuits passing through the principal cities of this country 
has reduced very preceptibly the speed of signaling and the 
general efficiency of automatic and multiplex telegraph circuits 
in this country. Being therefore aware of the great technical 
and financial difficulties that would attend the placing of wires 
underground generally between cities and towns over the ex¬ 
pansive territory of this country, the question of building 
stronger pole lines, and of employing larger and stronger wires 
has been frequently proposed by telegraph engineers. The 
well known “ A ” and “ H ” methods of setting wooden poles 
of course have received due consideration, and in trials have 
been found to add considerably to the stability of lines. In 
addition however to doubling the expense for poles, further 
objection to the use of these methods, especially where the 
telegraph lines are on a railroad right of way, is the extra space 
required for setting, which very often is not obtainable. An¬ 
other plan tested was that of using worn out track rails, set 
up in H ” form and braced one foot apart. The cost of set¬ 
ting these rails is, however, rather high, being about eleven 
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dollars per unit. In especially exposed places the plan of doubl¬ 
ing the number of poles from say 50 to 100 per mile, has been 
adopted with considerable success. A reduction of the height of 
poles and an increase of their girth has also been advocated 
and there is now a tendency in that direction. It is very prob¬ 
able that pole lines built in the future will when possible 
be built of poles considerably less than 35 feet in height (the 
present general practice) with head and side guys located about 
every half mile regardless of the contour of the line. On heavy 
loaded lines with the poles set about 100 feet apart reduction 
of the leverage obviously increases the efficiency of guying. 
In the construction of a thirty-wire line by using ten-pin cross 
arms a 25-foot pole would generally leave sufficient clearance. 

The employment of re-inforced concrete poles for telegraph 
purposes has been suggested as offering a solution of the problem 
as regards durability and reliability^^ but has not gained much 
headway hitherto, principally owing to the present high cost 
of such poles and also, to the excessive cost of transportation. 
Even, however, if experience should show that cement poles 
will possess the ability to withstand the strains brought to 
bear on them by wires heavily coated with sleet, there still 
remains the unfortunate fact that the wires themselves may 
break under the strain. It would of course, be a decided gain 
to avoid the total loss of miles of pole line by the collapse 
of the poles like bricks in a row—a not infrequent occurrence 
under present conditions. 

In relation to the immediately foregoing remarks, it may not 
be amiss 'to digress here to suggest that since the telegraph 
lines are not put up merely for a day or a year, that a combina¬ 
tion of concrete poles, or towers of equal strength and durabil¬ 
ity with perhaps some form of housing for the wires along 
permanent and isolated rights of way may be among the 
possibilities of future telegraph engineering, since such a plan 
offers promise of reliability of operation without the detrimental 
accompaniment of impaired efficiency of the telegraph service 
that follows the placing of telegraph conductors underground. 
In view of the importance of the subject further reference 
may here be made to the reduced efficiency of quadruplex 
telegraph operation within recent years, in some cases amount- 

27. (See paper by Mr. G. A. Cellar, “ Experiments with Concrete Poles’’ 
Proceedings, Association of Railway Telegraph Superintendents 1907 
p. 144) 
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ing to 50 per, cent, due to the increased amount of telegraph 
conductors placed underground in cables in cities. In other 
cases certain quadruplex circuits have been abandoned because 
of inductive disturbances from parallel high tension transmis¬ 
sion lines. It is a well established fact that prior to the intro¬ 
duction of these disturbing factors, duplex and quadruplex 
telegraphy in this country had attained a high degree of effi¬ 
ciency, Thus, for instance, it was formerly common practice to 
operate four, six or more quadruplex circuits between New York 
and Boston on open parallel lines, each with an efficiency equiva¬ 
lent to four wires worked simplex, and certain quadruplex circuits 
between New York and Chicago were operated as a rule with 
an efficiency of at least 90 per cent. 

In the equipment of the quadruplex circuits to which special 
reference is now made, the ordinary horse-shoe polarized relay, 
with fiat armature, and short cored neutral relay were employed 
without any devices to aid the operation of the No. 2 side ex¬ 
cepting the Edison device of the back contact and repeating 
sounder attachment to the neutral relay. It is well known 
also that in isolated sections at the present time quadruplex 
circuits are still operative at high efficiency. It would appear 
evident therefore that a restoration of the original efficiency 
of this exceedingly important arm of the telegraph service would 
be alone an aim worth the best effort and thoughts of telegraph 
engineers and executives. A return to the former or greater 
freedom from inductive disturbances would also vastly enhance 
the opportunities for the utilization of some of the readily 
available rapid automatic telegraph systems, which as pre¬ 
viously intimated the introduction of night letter telegram 
service may render imperatively necessary in the very near 
future. 

Returning briefly to a consideration of the matter of obtaining 
a permanent, non-inductive, non-retarding system of telegraph 
routes, it is clear that utilizing the suggested towers or 
reinforced concrete poles, with housed wires to afford mechan¬ 
ical protection against storms, incidentally thereby guarding 
against undue variations of insulation resistance, (a great 
desideratum for numerous reasons) and by the proper 
selection of routes at a suitable distance from high-tension 
lines thus evading their disturbing inductive currents, an 
immediate improvement in the operation of circuits would be 
obtained. There would, however, still remain to be dealt with. 
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Discussion on American Telegraph Engineering—Notes 
ON History And Practice.” Teeferson, N. H., Tune 
29, 1910. 

W. Maver Jr.: I should like to say that this resume is not 
by any means a full account of the history of American Tele¬ 
graph Engineering. Por instance, in the paper nothing whatever 
is said about lightning arresters, the forerunners of the switches 
of which we heard so much this morning. The early telegraph' 
engineers had their troubles with lightning, and the methods 
adopted to overcome these troubles were numerous; finally 
coming to the method which is in universal operation to-day, 
that is, the short path to earth for the lightning current. 

About twenty-five or thirty years ago the electric light was 
inaugurated, following which very quickly telegraph companies 
began to be troubled a good deal with crosses between the wires 
of the two systems, with the result that the telegraph switch¬ 
boards were often burned out, and not the switchboards only, 
but the buildings of the telegraph companies also. To obviate 
these troubles as much as possible, the method was employed 
of coiling up fine German silver wire into coils the size of a pencil, 
consisting of ten or fifteen turns termed the spider wire. This 
was put^in series with these telegraph circuits at the switchboard, 
in addition to the short air gap arrester. I do not think the engi¬ 
neers had any thought at the time that the coiling of the wire 
would have any effect in retarding the progress of the oscillating 
current towards the instruments. 

Ralph W. Pope: The introduction of the Morse telegraph 
system was followed by what purported to be improvements, 
and many of these improvements have practically passed 
out of existence. I refer more especially to the House and 
Hughes, and the combination ” printers, which followed, 
leading off with the House printer in 1847 and 1848. I was 
familiar with the work of that printing instrument, although I 
did not operate it. My printing telegraph work was confined 
to the Hughes printer, which was introduced, as you may say, 
experimentally in 1858, although it did not come into general 
service. The combination ” printer, so-called from the com¬ 
bining of certain features of the House and Hughes prin¬ 
ters by the late George M. Phelps, was, however, used on im¬ 
portant circuits by the American Telegraph Company a little 
later. 

One of the defects of the House printer, which was an ingenious 
machine, was the limited distance over which it would operate, and 
I would call the attention of the author of the paper presented to 
the possibility of an error in regard to this having been operated 
on lines 1,000 miles in length. While that might be true, in 
a sense, as a matter of fact it was not usually operated between 
New York and Boston a distance of perhaps 225 miles, except 
in very fine weather. The ordinary practice was to repeat at 
Springfield, which was about half way. 
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One of the difficulties of the early printers in regard to their 
general adoption was their failure to meet the requirements for 
way-station work. This was met in the case of the House 
printerj as is not generally known, by the use of a simplified 
form of the printer. As the type wheel stopped, the exposed 
letters could be followed by an expert operator without the use 
of the printing device. A simpler form was introduced which 
operated as a dial printer, the operator reading from the wheel, 
instead of the printing mechanism being used to print on the 
tape. That was one of the reasons why these earlier types of 
printers were not successful commercially, for the reason that 
they could not be used in many stations on account of the 
expensive equipment. 

The question of high speed and the use of the chemical tele¬ 
graph created considerable interest in telegraph circles at the 
stage referred to by the author. It is interesting to note that 
in one of the important experiments made, which is referred to 
in tins paper, that the time consumed in perforating, in trans¬ 
mitting and translating, was more than would have been re¬ 
quired by four Morse operators in transmitting the President's 
message referred to, a difference between seventy-two minutes 
as_ against fifty-two minutes. The use of the chemical system 
raised so^ many objections that it is not strange it went out of 
use, but it was at one time quite successfully established in New 
hngland, but not using the perforated tape, simply hand trans¬ 
mission, the same as with the Morse system. 

The improvements in the Morse telegraph have been largely 
due to the increased skill of the operators. The use of the type- 
wnter, which has been referred to, brings to mind a rather pe- 
cffiiar relation betwep the rapidity of transmission by hand and 
the rapidity with which the operator could receive the same mes- 
sage with a pen. They kept hand and hand, or rather neck and 
neck, tor years, until by the introduction of the typewriter the 
receiving operator could copy much faster than the sending 
operator could send by hand, and this has led to the use of a 
code for press dispatches, which standardized abbreviations 
but the use of the code is not permissible in ordinary private 
messages, and for this reason the typewriter is still ahead. When 

adoption of the mecograph, as it is called here 

Of his sending; 

possible that the introduction of the Continental 

time some day, as it would require less 

^Ti .^^PS) to learn to operate by the Continental code used 

“ insulation to my mind have not been so 
TWo 1 improvements in the conductivity of the line 
The early lines, as I recall, used No. 8 iron wire and then Nn Q 

y uthor, wires of greater conductivity were 



1910] 


DISCUSSION AT JEFFERSON 


1341 


introduced. The form of glass insulator now used has per¬ 
sisted for about thirty or forty years. 

The possibility of the utilization of a more rapid system, with 
the introduction of the night lettergram practice, appears to be 
quite possible. I have talked with some of the telegraph men 
about that, but they do not see any probability of it yet. It 
must, however, take the form, in order to be practicable, of some 
system of perforation like the Barclay printer which transmits 
with only one repetition, that is, the perforation producing at the 
other end a page printed telegraph blank. It is rather re¬ 
markable that, although the objections to the form of printing 
tape were so well known in the early days, there appears to have 
been no attempt to bring about the introduction of a page print¬ 
ing system. When we consider the ingenuity of those early 
inventors. House and Hughes, it seems to-day as though, if 
their attention had been directed to this defect, that they 
might have invented a page printer, and thus perhaps prolonged 
the life of the printing telegraph system, which has practically 
gone out of use. 

John B. Taylor: Delivering a telegraph message from a 
person in one part of the country to a person in another part 
of the country involves something more than getting a code of 
signals over a given wire. It involves ‘Teadiness to serve’’ at 
all hours of the day and night, frequently in small places only 
during certain hours of the day, and also a system of collecting 
and delivering messages. This, as far as I can see, is the main 
reason why automatic systems, which can send signals over the 
wire at a phenomenal rate of speed, sufficient to give a thous¬ 
and or more words per minute have gone into use only in very 
limited cases. Mr. Maver can, I hope, enlarge on this point. We 
see frequently the statement that the telegraph people are not 
alive to the possibilities of sending messages at a great rate of 
speed oyer a single wire, and while a number of messages over a 
single wire is a good thing, perhaps, between two large cities, 
it is of practically no use at all to the small towns, of which 
there are a great many in the country. 

The telegraph line is rather apart from the work of many of the 
members of the Institute, so we are fortunate in having a paper 
giving an up-to-date resume of present practice. It is difficult 
for a man out of the field to know just what is being done. The 
old books give descriptions of duplex systems, quadruplex sys¬ 
tems, repeater systems, etc., which are all interesting, but help 
little towards a knowledge of present practice in the majority 
of cases. 

My own renewed interest in telegraph and telephone matters 
has been due to the disturbance feature from power lines, and one 
or two points occurred to me as Mr. Maver was abstracting his 
paper.^ It is plainly brought out by him that the practice of quad- 
ruplexing, (which means four messages over a single wire at the 
same time), was not worked to an extent, which, at first sight, 
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it would seem that it should be. This is due to a number of 
reasons, possibly divided up between poor insulation, variable 
weather conditions, etc., and to a large extent due to inductive 
disturbances and to circuits of the same class on the 
same pole line. ^ This raises the question whether the 
telegraph companies could not afford to use metallic circuits, 
in which case the matter of inductive disturbances from their 
own wdres,^ as w^ell as foreign wires, would be obviated. The 
matter of insulation would still, perhaps, be troublesome, but 
this could be improved without an investment which would be 

very great, in comparison with the investment in poles, wires, 
etc. 

There is also the possibility of obtaining greater capacity 
from present wires by the combined telephone and telegraph 
systems. If the demand for telegraph wires and the demand 
or telephone wires comes out in a certain ratio, we might have 
metallic circuits between all the important points working as 
te ephone wires and also perhaps a sufficient number to take care 
o telegraph service, some as grounded lines and some as me- 
mUic lines phantomed between two pairs of telephone wires. 

4-1. ^4- demand probably varies to a great extent, 

the telegraph business of a certain sort going out in the daytime, 
probably at the peak of the telephone load. With the introduc- 
lon o the mght lettergram, at day rate at a time when the 
wires ^are probably not very busy for telephone work, (at any 
rate since the night telephone rate has been abolished) it is 
to be hoped a more economical working of the conductors will 


I did not have time to look the paper over very carefully, and 

svst^^ the Rowland 

S,npr written up in an Institute 

dSmed tv ’ ^ heheve where an octoplex capacity was 

from SvbnfrH tT+'i! used the page printing device direct 

end I message blank for delivery at the other 

and if Mr M ^ extensions made with it, 

and if Mr Maver can say a word or two as to the general rea- 

°lLideSl?^mv'^^ inactivity, I should like to hear from him. 

^ nciclentally, my name has perhaps been taken in a wav to 

^ve me more credit than is due. In the paper “ef^rrce t 

made to the New York, New Haven , and Hartford Railroad 

S^S°work‘on' 

act on tv! r ^.‘^heme of neutralizing induction 

the Westinghou^e devised by engineers of 

Gano Dmm: I heard Mr. Maver say that four-fifths of thp 
operator m th.s country use the MarL 

My observation as I travel around the country is that we do 
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not see many of them, although I do not get into the central 
offices. 

I have found them imperfect, probably because of my own lack 
of skill, but there seemed also to be certain inherent difficulties 
such as difficulty of adjustment and not enough certainty of ac¬ 
tion to cause all the dots to go through on a long and variable 
line. 

It is also difficult constantly to change the adjustment of the 
mecograph to follow the rising and falling inductive and leakage 
changes that are found on a long and poorly constructed line, 
with many stations. 

The wireless telegraph is introducing a greater than ever 
conflict between the Continental and American Morse alphabet. 
I should like to know whether there is any attempt towards a 
more general introduction of Continental Morse into this 
country, and if so, what Mr. Maver thinks of its probable success. 

William B. Hale: Perhaps a few remarks on the telegraph 
system of the Republic of Mexico may not be amiss. The sys¬ 
tem there is an extensive one, considering the comparatively few 
large centers of population. The telegraph lines extend to even 
the smallest towns and villages, because, being a telegraph 
controlled, by the Government, its operation is not based upon 
the question of profit. The Government is ready and anxious 
to install a telegraph office in any town which has any need for 
such service, whether it will pay or not. The idea is to supply 
reliable telegraph service to the entire people at cost. 

The general equipment of the system is practically that of the 
United States of a few years ago. The Morse manual system, 
with simplex, duplex and quadruplex operation, is in use; and 
the lines are mainly consmicted with No. 8 galvanized iron wire 
and a European type of porcelain insulator. Wooden poles are 
chiefly used, but some of the trunk lines have iron poles. There 
are a few Hughes printers in service in the Capital for com¬ 
munication between the central office and its branches. In the 
larger cities of the country duplex and quadruplex instruments 
are used, and in all other offices the Morse simplex is employed. 
The American closed-circuit system of operation is in use; also 
the regular Morse alphabet, with a few changes to adapt it to 
the Spanish language. 

The telegraph is used very extensively in Mexico, not only for 
business purposes, but for social and personal matters as well. 
To a very considerable degree the Mexican makes use of the 
telegram where you would the mail, or a messenger service. 
He sends telegrams from his place of business to his home, mes¬ 
sages of congratulation to friends on their birthdays and tele¬ 
grams of felicitation on such days as Christmas and New Year’s. 
In the City of Mexico one finds a very convenient form of service 
for such social messages; we have a card, about the size and shape 
of your postal card, which can be purchased for five cents, 
Mexican currency, the equivalent to two and one-half cents in 
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your money. On the front of the card is a space reserved for the 
address and a number of ruled lines for the message, which must 
not exceed ten words. These card-telegrams, after being filled 
out, may be deposited in boxes, similar in appearance to letter¬ 
boxes, which are placed at the more important street corners 
throughout the city, and from which frequent collections are 
made. The messages thus collected are delivered at the nearest 
branch office, telegraphed to the office which is within the short¬ 
est distance of'the person to whom they are addressed, and from 
there delivered by the regular messengers. This is a prompt 
and efficient, as well as cheap, means of communication within 
the limits of the Federal District—in the center of which lies the 
City of Mexico—and it is very extensively employed for business 
and social purposes. 

The rates for telegraph service in the Republic of Mexico are 
low. A ten-word telegram may be sent from one end of the 
country to the other for only one peso, or fifty cents in American 
currency. The rate for night messages, which are transmitted 
from 10 o’clock in the evening until midnight, is one-half that 
of the day rate. 

We have been unable to use copper wire for pole lines to any 
extent, for the reason that it is cut down and stolen by the 
peones —the lower-class natives. Iron wire has so far been em¬ 
ployed almost exclusively for the construction of pole lines, but 
I have suggested the use of a steel core copper-clad wire, which 
will improve the service and will probably not be stolen, as when 
cut down it will have very little, if any, value as scrap metal. 
This copper-clad wire will undoubtedly remain up, and it ought 
to prove especially valuable in a tropical country like Mexico, 
where even galvanizing does not protect iron wire from cor¬ 
rosion for any great length of time. 

The success of the Federal Telegraph System of Mexico would 
lead one to favor a government-controlled telegraph. The 
service is rendered at rates much below those which would be 
charged by a private corporation; and the dispatch of telegrams 
is in every respect satisfactory, being prompt, efficient and thor¬ 
oughly reliable. 

G. A. Cellar: The employment of reinforced concrete poles 
for telegraph purposes has not gained much headway hitherto, 
in this country. I believe the reason to be principally because 
of the still comparatively low cost of wooden poles, and the 
lessened expense of handling the latter as compared with that 
of handling concrete structures. In Europe, however, rein¬ 
forced concrete masts are more largely used than in this country. 
The Deutsche Schleuderrchren-Werke has been making hollow 
concrete poles by machinery, utilizing centrifugal force, for 
about five years, and with a great deal of success. The Siegwart 
company about a year ago completed at its Swiss factory a 
contract for several thousands of hollow poles, averaging forty 
feet in height, for power lines, constructed by machinery utilizing 
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centrifugal force. My information is that throughout Western 
Europe, especially Germany, Switzerland and France, and to 
perhaps a lesser extent m England, concrete poles are now con¬ 
siderably used in place of timber. 

Until the time arrives when a permanent location can be se¬ 
cured for a telegraph line—-and a telegraph line of large ca¬ 
pacity—it may not yia}' to build an oiien line of wires supported 
by high concrete iioles, unless their cost shall but slightly exceed 
that of wooden poles, for several rea.sons, among which are; 
first, possibility that the low voltage signaling systems now in 
vogue may lie forced underground, or somewhere beyond the 
present uji-in-the-air location, liy the multiplication of electric 
transmission lines; and, second, by the discovery of a process 
through which the elimination of'retardation in aerial cables 
may be effected* 

I lielieve that tlie increase in iirice of timlicr, and the advanced 
cost of liandling t^uncrete poles, will result in a revolution in the 
heretofore accepted models of pole and wire lines, through which 
thin-c will lie evolved a system of short pole lines of either timber 
or concrete, where reasonal.ly level ground and ])olicing ar¬ 
rangement,s pi'rmit t.he maint.enancc of such lines, and for which 
proper overhead crossings of highways and iirivate roads en- 
countta-ed can be made withoul, grading iq) and down from each 
one. It will not be leusible, however, to u.se extremely short 
poles in Iini‘S traversing rugged cmmtry and especially on rail¬ 
road lines where t.he undulations of tlie surface of the: ground 
arc fretiuent a.nd alaupt. and tdie right of way a succession of 
deep cuts and high lills. Such lines a,re Ix-tter calculated for 
use. on Ingliway.s wlua-e tlu* roadway more nearly follows the 
form of the ground’s surla.ee and the ujrs and downs are not so 
alinipt. 'riu; olijection t.o t.he use of the very short ])olcs in the 
line's above indieated is tliat the vertical pull on the iiins and 
insulators is ctni.rdn to loosi'ii t.he contacts witli the sujrports and 
foster wire trouliles iii a degree not. cronqiaralile with the saving 
in the lessetUKl cost ol tlie line, d'hi're is, liowe\'c*r, a very eon- 
sidi'rable exiianse of territory in this country in whicli the use 
of the short, pole line is certainly ft'asilile and desiralilc, not only 
through it,s It'ssened cost as eomiiared with a line of high poles, 
but tlirough it.s lessimed exposure to wind pressure and the 
lessened strain at the ground line in a short pole as compared 
with a long jiole. _I a,m (|uit,{i .sure that for a comiiarativcly 
small number of wire.s, a id;ui of con-struction can be evolved 
which will enable tlie large utilization of short pole lines with, 
lK‘rlia().s, <!ead_ ended sections where it is necessary to abruptly 
raise the line in order to carry the wires over road crossings. 

Tlu! iteni set fortli in the jtaper as to the housing of insulators 
is one which I fee! will be lienefieial in many storms. No doubt 
the time will yorne wlien the expenst: incidental to such an in¬ 
stallation will lie mon* 1.h.*ui warranted by the benefit thu.s to lie 
ilerived. However, the driving st.onns of rain, wet snow and 
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sleet which we experience in our western country preclude the 
entire protection from such storms by any small roofing pro¬ 
tection that I think of at the moment. 

Louis M, Potts: The authors make the following state¬ 
ment: 

It has long been recognized by telegraph authorities that an ideal 
system of telegraphy would be a simple and reliable page printer, capable 
of transmitting and receiving, say from 500 to 1000 words per minute on 
circuits of from 200 to 1000 miles in length. 

This statement is not in accord with my understanding of the 
requirements demanded by practical men as far as such state¬ 
ments have been made. While it is possibly desirable in some 
cases that the ideal printer system should be capable of trans¬ 
mitting from 600 to 1000 words over a circuit yet in the great 
majority of cases the universal printer system would certainly 
be used at a very much less capacity than this. I take it that 
this statement of the authors does not necessarily mean a 
single mechanism to operate at this speed but apparatus 
capable of giving this capacity to a circuit. A single printer 
to operate at such a speed as this would certainly involve com¬ 
plications of construction and adjustment such as to preclude 
its use on short circuits requiring a speed of not more than 
40 to 50 words per minute. I suggest that the ideal printer 
would not be a single printer capable of transmitting and re¬ 
ceiving 300 to 500 words per minute each way, but that it would 
be a printer mechanism capable of operating at such a speed 
that the number of telegrams handled by the printer is that 
number of telegrams which can be economically and efficiently 
handled by a single operator. In a printing system with auto¬ 
matic transmission this number is determined by the capacity 
of the receiving operator rather than of the sending operator. 
Of course how many a single operator can handle depends very 
largely on the accuracy of the system and the traffic handling 
methods adopted, but from the present state of development of 
printing telegraphs it would appear that a printer system, manual 
or automatic, operating somewhere around 50 to 75 words per 
minute gives an amount of traffic which can be economically 
and efficiently handled by a single operator. A manual oper¬ 
ator does not require a machine of a speed greater than 50 to 60 
words per minute. The average operator could not send faster 
than this whatever the speed of the machine. In an automatic 
system a machine speed of 75 words per minute should give a 
sustained rate of about two telegrams per minute. A receiving 
operator will be fully occupied with this amount of traffic to 
care for. The operation of a number of printers of moderate 
speed on a single wire by some method of multiplex operation 
appears to meet the conditions imposed by those circuits re¬ 
quiring a high capacity machine better than a single printer of 
high speed. The use of a moderate speed printer makes possible 
the construction of a simple, cheap and reliable printer which 
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j suitable for use on circuits having light traffic. This 
method of treating the problem results in a universal tele¬ 
graphic printer and a vanation of the methods of line operation 
only, to meet the different conditions of traffic, 

^ Wheri a certain rate of transmission Is reached on any mven 
Circuit, the wire cost is pduced to such a low figure that a further 
increase of rate is not justified, as the further reduction of wire 
cos so obtained will be more than offset by the more frequent 
interruptions and the greater amount of supervision required. 

^ It such a system as the authors suggest, as far as the mechan^ 
ism IS concerned, were in a perfect state of development, I do 
not believe that it could be successfully operated on the wire 
p ant or to-day on account of the variable electrical state of the 
wires, the lack of protection against inductive disturbances 
trom foreign sources and a nethod of construction which also 
neks protection against the induction between the different 
wires on the same pole line, which makes impossible the use of 
extremely high speed telegraph apparatus on more than a few 
^res, and which materially reduces the efficiency of even the 
IXaorse manual system. In order that a printer system operating 
nt a speed even approaching 600 to 1000 words per minute may 
come into use it is just as important that the wire plant be 
perfected as the machine itself. 


W. J. Camp; I would say that the Canadian Pacific Rail¬ 
way used white porcelain insulators to a considerable extent in 
t-lie years 1890 to 1898, but the cost increased so much that we 
reverted entirely to glass until three years ago. We found that 
fixie manufacture of glass insulators in Canada had deteriorated 
so greatly that the insulators turned out were altogether un- 
satisfactory, apparently they were not properly annealed, with 
tiae result that from a week^to two months after being placed 
on the line they would go to pieces without being subjected to any 
inechanical injury. The price of porcelain insulators had also 
ocen so rnuch reduced that for the past three years we have 
nsed nothing but white porcelain. 

Relative to W^heatstone Automatic operation it may be noted 
"tilat the British Pacific Cable Board has leased a wire from the 
(Canadian Pacific Railway between JMontreal and Vancouver 
and is now equipping this wire with that system. 

Che Canadian Pacific Railway method for indicating circuits 
was adapted from the Japanese system and is by small circles 
at: the ends of straight lines, different markings appearing in 
tliese circles as follows: 


O Commercial Simplex. ^Despatcher Simplex. 

CD' Duplex. ^.Simplex leased. 

<g>Quad. (J) Composite, Simplex and Tele¬ 

phone, 
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I consider a line of 40 poles per mile to be the most satisfactory 
provided that poles are side guyed varying from every 5th or 
every 20th poles according to danger from storms, and head 
guyed every half mile. I do not like increasing the number 
of poles to more than 40 because, besides costing so much more 
for construction there is also greater reduction in insulation 
of the wires. 

F. W. Jones: In addition to the historical and descriptive 
parts of the paper, allusion is made to disadvantages and defects 
in the construction of lines and in the operation of electrical 
systems of transmission, and suggestions for their improvement 
are advanced. Any ideal construction of telegraph lines, and 
the employment of the most improved and speedy systems for 
the transmission of telegrams must inevitably be limited in 
cost to the capital that can be secured therefor, and engineering 
suggestions of any value’must keep within the limits of practi¬ 
cability, which is determined by several considerations, probably 
better known to the presidents and general managers of tele¬ 
graph and railroad companies, as those officers are charged with 
the success and financial results of operation and maintenance, 
and are de-facto the engineers who decide all questions involved. 

That those officers have been able to attain their ideals in 
these matters is extremely doubtful. 

Capital is discouraged by the enormous difficulties encoun¬ 
tered in the upkeep and extension of our American telegraph 
system, such for instance as securing suitable rights-of-way 
for trunk lines, with their constant demand for added wires; 
the frequent attempts in Congress to inaugurate a government 
system; the unfavorable legislation and taxation of the various 
states; the encroachment of the use of telephones and wireless 
telegraphy, not to mention the competition of a splendid mail 
service, besides the increasing cost of labor and materials, and 
the rigid account to which the proprietors are held by the Courts, 
for errors and delays which are practically impossible to avoid. 
Up to the present time the Morse Telegraph system has with- 
.stood the inroads of telephone and mail competition, and con¬ 
tinues to be favored with an increasing patronage. 

The grave situations in which both proprietors and public 
are placed by the present inability to obviate interruptions to 
operation between commercial cities, by reason of breakdown 
of wires and poles, due to storms, fires, floods, snow avalanches 
falling trees, etc., besides the detrimental effects of electro¬ 
magnetic and electrostatic induction upon the signals, are not 
confined to any one company , and their free discussion seems to 
be well within the purview of the Institute and cannot rea¬ 
sonably be considered gratuitous by telegraph proprietors. 
In my opinion there are insurmountable financial and engi¬ 
neering obstacles to placing entirely underground the trunk 
lines between all of the widely separated cities of this continent, 
except that emergency underground cables may be found an 



1910] 


DISCUSSION AT JEFFERSON 


1349 


advantage for short distances such as between New York and 
Philadelphia (90 miles), yet an overhead structure that would 
be more elastic, built under rigid engineering rules as to strength, 
number of supports per mile, gauge and number of wires or 
cables, etc., with reference to the character of the country tra¬ 
versed, and the maximum stresses, (short of cyclones), to which 
such structure would probably be exposed, could undoubtedly 
be built at less cost than an adequate and reliable underground 
system. Upon engineers will devolve the solution of very im¬ 
portant questions such as the proper tensile strength of the 
wires; their ohmic resistance; character of the insulation; and 
whether open individual wires, or cables be employed. It is 
obvious that the suggestions in the valuable paper of Messrs. 
Maver and McNicol, as to the kind and number of poles per 
mile, are indefinite. As there are great differences of topography 
and climate to be encountered, different construction is neces¬ 
sary for lines crossing mountains, prairies, mesas of shifting 
sand, through canyons subject to cloud bursts, and forests 
where trees are frequently falling, also along the sea coast in¬ 
debted by rivers and bays, and through the latitude where 
sleet storms frequently visit. A heavy trunk line in northern 
latitudes would require considerably different construction from 
a light trunk line in the south. The annual reports of telegraph 
companies show an expenditure of many millions of dollars for 
the repair and maintenance of pole lines. 

It is open to engineers to calculate what would be the saving 
in electric operation, if the conductivity, and consequent 
tensile strength, were very largely increased over that of 
the wires at present employed overland. I believe that an 
increase of at least 50 per cent in the conductivity of the largest 
hard drawn copper wires now in use, would much more than 
compensate for their additional first cost, but of course they 
must be supported by the ideal structure above referred to.^ 
The average life of a pole line is given as 10 years, this may be 
true of wooden poles, but not of crossarms, insulators, nor wires. 

It has generally been the opinion of engineers, that to secure 
reliable telegraph lines between the Atlantic and Pacific, over the 
Rocky Mountains in northern latitudes, that it was necessary 
to have the protection of the railroad tunnels and snow sheds. 
The recent construction of a portion of an important trunk line 
over the summit of the Sierra Nevada Mountains, will be watched 
by engineers with interest. 

A very vital question to be decided in erecting an ideal line, 
is the kind and gauge of wire best suited for both trunk and 
side or way lines, also whether iron, or aluminum, or other metals 
or compounds could be advantageously used instead of hard 
drawn copper, in case the cost of the latter became exces¬ 
sively high. 

1. Elec. World Engineer^ March 29th, 1902, page 557. Telegraph Age, 
Nov. 1, 1903, page 540, 
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The voltage of signaling currents at present in use, particularly 
for quadruplex, duplex, printer and fast Morse key operation, 
is at its maximum limits, on account of the detrimental sparks 
at the contact points of transmitters and of the heating of 
bobbins of relays, and of the serious menace to the insulation of 
office wires and underground and river cables. 

The increased speed of signals within the last twenty five 
years, particularly by the use of mechanical transmitters, and 
by the rapid electrical impulses required for printing and auto¬ 
matic systems on long circuits of comparatively high re¬ 
sistance, has demanded the highest voltages that could be used 
in order to actuate the relay armatures with sufficient force and 
celerity. 

The mecograph illustrated in the article has a lever that may 
be moved by a slight motion, from a central or open position, to 
the right to transmit dots, and to the left for dashes; and is 
operated by about 30 per cent fewer motions of the hand than 
is the case with the Morse key, but the motions of the meco¬ 
graph being lateral instead of vertical, afford relief to the oper¬ 
ators muscles that had grown tired from long use of the Morse 
kev.- 

The Wheatstone automatic system has been employed for 
several years on the long ocean cables, and on overland wires 
between London and Persia, and has produced more rapid and 
reliable signals, increasing the carrying capacity of the cables 
and wires by obviating the loss of time due to the hesitation 
of key operators in reading copy, and to other causes. Thus 
changing the cable transmission of business from intermittent, 
to continuous. 

Repeaters are placed anywhere from 250 miles to 600 miles 
apart in circuits having very widely separated terminal stations. 
Such repeaters have their location determined by the con¬ 
venient position enroute, of a town or city best suited for the 
maintenance of operators and machinery and not by the object 
of securing the best conditions for the electrical operation of the 
wes. The use of quadruplexes is most seriously curtailed by 
the false signals produced on the neutral relays when the keys 
on number two sides of several sets in operation on adjacent 
wires are simultaneously closed, which frequently occurs, the 
resultant electrostatic induction is then at a maximum. 

^ It is to be hoped that the ideal system of telegraph author!- 
ties m this country capable of transmitting and printing 
irom 600 to 1000 words per minute on long wires w ill not lead 
any of our bright ambitious young engineers to chase an ignis 
jatuus, I am at a loss to imderstand why the limit was not 
placed at at least 5000 words. It is obvious that the time-con¬ 
stant ot all known line wires, electromagnets, and their con¬ 
nections, for over 200 miles, when operated by the very highest 
permissible voltage, would a bsolutely fad to actuate any page 

2. Telegraph Age, July 16, 1906, page 325. ~ 
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printing mechanism at such a speed; it is just as sensible for 
railroad engineers to ask for a locomotive and cars to carry 
passengers from New York to Chicago in one hour’s time, 
Upon present tracks. 

This ideal system must be required for press or similar service 
where the message contains several hundreds of words, and is 
prepared in some way for continuous transmission, on its being 
placed in the machine at the sending end. It is impossible for 
me to imagine how individual telegrams of an average of 30 words 
each can be prepared in any manner to be continuously trans¬ 
mitted over a wire at the rate of 33 messages per minute. At 
the time of Mr. C. F. Varleys visit, and of the subsequent modifica¬ 
tion of relay resistances by Madison Buell, comparatively 
nothing was known in the United States of farads, and henrys. 
It seems that our engineers were then trying to secure the maxi¬ 
mum magnetic pull on relay armatures with a minimum electro¬ 
motive force, and overlooked the tardy action of the apparatus 
due to high inductance. The adoption of a standard of 150 
ohms for single relays was due to the impossibility of a large 
telegraph company regulating the resistance to suit each circuit. 
The late W. W. Smith in patent No. 106,418 in 1870 claimed the 
multiple connection of a 150-ohm relay to the reduced resistance 
of 37i ohms, he found such relays were not so sluggish in 
action on a wire equipped with a large number of relays, as were 
the same number of 150-ohm relays, the improvement was one 
of better service, and not of decreased cost for current.^ 

Donald McNicol: Mr. Jones questions the likelihood of the 
development of a printer system capable of transmitting 600 
words per mintue over ordinary circuits. That one cannot 
readily conceive of the probability of such speeds being at¬ 
tained, is probably due to the fact that he confines his specula¬ 
tions regarding mechanical operations and movements, to what 
it has been possible to accomplish in the past by means of electro¬ 
magnets. 

The KR limitations of circuits (including lines, and windings 
of instruments) where such circuits are spaced into repeater 
sections of approximately 500 miles, are in the case of aerial 
lines, of such consequence, that with ordinary voltages, with 
lines worked duplex; speeds of 300 words per minute are about 
as high as is possible where the operations are dependent upon 
electromagnetic control. There is one printer system in use in 
Europe for which a speed of 350 words per minute is claimed. 

It would be, as Mr. Potts implies, a highly desirable feature of 
a universal printer telegraph system if its operating capacity 
were as elastic as is the telegraphic traffic in volume on any given 
circuit, provided, of course, that its general application to circuits 
having varying loads at different periods of the day, would 
permit of economical operation as compared with Morse methods, 

3. Telegraph Age, Sept. 1, 1902, page 382. Telegraph Age, Oct. 16, 
1902, page 438. Telegraph Age, Nov. 16, 1902, page 476. 
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when the volume of traffic is far below that of the maximum 
capacity of the machine. Flexibility of operating capacity, 
with a high maximum rate, would serve to take care of varying 
loads and of the accumulations of traffic due to temporary loss 
of wires. 

With reference to Mr. Jones remarks dealing with the fate of 
the engineer’s recommendations. 

The practical engineer realizes that even in the reconnaisance 
stage any engineering proposition must be worked out with 
practicability and economy as factors. Even if for temporary 
considerations an engineering proposition may not be adopted, 
it still remains that by virtue of the thought and effort devoted 
to its development, the proposition will survive as a basis for 
future undertakings along the same lines. Naturally where the 
engineer is a traffic economist he has given due thought to the 
requirement that any proposition he may submit calling for the 
outlay of comparatively large sums of money for new or for 
additional equipment, must provide for economical results, or 
in some manner for enhanced advantages over the methods 
it is intended to improve, which will insure adequate return on 
the investment. Although the live engineer is professionally 
zealous, his conservatism would seem to be well established by 
virtue of the fact that the major number of the propositions 
submitted to him for investigation are found to be and re¬ 
ported as impracticable or unprofitable. 

W. Maver Jr.: The President is very desirous of getting to 
the other matters scheduled for the program this evening, 
and I shall therefore at present only say a few words in reply 
to the points brought out in the discussion. 

Mr. ’Pope queries the statement that places the distance of 
transmission by the House printer at 1,000 miles. The state¬ 
ment is traceable to the officers of the original House telegraph 
company and may be found in '' Electric Telegraph,” Jones, 
1852, page 112, as follows: '' The longest line we have is about 
1,000 miles—extending from New York to Cincinnati. Mes¬ 
sages are transmitted that distance with ease; and no doubt we 
shall be able to telegrapn direct from New York to St. Louis 
as soon as our line, now building, is completed.” Possibly the 
discrepancy between this statement and Mr. Pope’s experience 
may be explained by a superior conductivity of the newly con¬ 
structed wires in 1852 as compared with the wires of Mr. Pope’s 
time. It was the common experience of those days, 1865-1870, 
that, owing to the manner of making joints then in vogue, (a 
smple twisting^ of the ends of the wire without solder), the re¬ 
sistance at the joints in a few years almost amounted to a break 
in the continuity of the wires. For instance, one of the New 
York-Bridgeport wires tested by Mr. Varley and mentioned in 
his report (see page 1289) showed it to have a resistance of 
241 ohms per mile—normal resistance 13 ohms per mile. 

In regard to early attempts to produce a page printing tele- 
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graph it may be noted that Charles Wheatstone, about 1840, 
devised a page printer telegraph system, but it was rather slow 
and did not get into general operation. Described Sci. Am., 
May 31, 1884. 

Mr. Taylor expresses the opinion that some of the present 
trouble on multiple telegraph circuits is due to the mutual in¬ 
duction between parallel wires. About twenty years ago I had 
a very large experience in the practical operation of multiplex 
telegraph circuits while I was the electrical engineer of a large 
telegraph company in this country, and the statements on this 
point in the paper are based upon that experience—^we operated 
circuits between New York and Boston, five or six quadruplex 
circuits on parallel wires at top speed, obtaining an efficiency 
virtually of one hundred per cent, except in very bad weather. 
I found, that when we already had five or six parallel quadruplex 
circuits, the imposition of additional circuits did not have any 
detrimental effect upon the operation of the others. Hence, 
I feel safe in saying what is said in the paper—^if it were possible 
to get rid of the stretches of underground cable and the in¬ 
ductive disturbances from high tension transmission circuits, it 
would be possible to restore the former conditions of multiplex 
operation. 

The disuse of the Rowland printer in this country is probably 
due to a number of causes, chiefly perhaps the somewhat complex 
nature of the apparatus and its unreliability at times. Mr. Tay¬ 
lor himself suggests some of the causes for the present non-use 
of high speed chemical automatic systems, to which it is assumed 
he refers, having the phenomenal speed capacity of 1000 words 
per minute. Numerous other causes have been cited at times 
without number by those who have had practical experience 
with such systems. It is pointed out in the paper that auto¬ 
matic systems capable of transmitting at the high speeds men¬ 
tioned were in operation in this country 30 years ago and are 
still freely available when desired. 

As to the statement relative to the extent of use of the vibro- 
plex, mecograph, and similar instruments to which Mr. Dunn 
has referred, namely, that four-fifths of the operators now use 
such instruments, it may be said that investigation will proba¬ 
bly confirm, that statement. So far as the feasibility of trans¬ 
mitting speedily with this device is concerned, it can be stated 
that duplex circuits are being operated now between New York 
and San Francisco, with, I think, three sets of repeaters, by 
means of semi-automatic transmitters at the highest speed of 
manual Morse transmission. 

Charles F. Scott: Is that repeating done automatically? 

Mr. Maver: Yes, regular automatic repeaters, duplex re¬ 
peaters. The method is described in the paper. The matter of 
displacing the spaced letter or American Morse alphabet as 
used in the United States and Canada, by the Continental 
Morse Alphabet has been proposed frequently within the past 
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50 years without result. There is no question that for manual 
sending the x4merican Alorse alphabet is the speedier, there being 
214 time units in the American to 214 time units in the Continen¬ 
tal, exclusive of numerals, and the liability to errors due to the 
spaced letters of the American Morse" alphabet is minimized 
by the fact that the operators by habit almost univer¬ 
sally exercise extra care in the transmission of words 
containing spaced letters. In automatic transmission, how¬ 
ever, as by the Wheatstone system, the use of spaced 
letters is a source of delay as it is virtually necessary 
to double space words containing spaced letters in order to avoid 
errors. Thus the situation stands at present. Possibly the 
use of the Continental alphabet by wireless telegraph operators 
may assist in leading to the general disuse of the spaced letter 
alphabet. 

Exception may be taken to Mr. Jones statement that the 
presidents and general managers of telegraph and railroad com¬ 
panies are de-facto the engineers who decide all questions in¬ 
volved. They may act adversely or favorably upon the reports 
of their engineers for financial or other reasons, but that does 
not constitute them the engineers oi the company. Apropos 
of this may be quoted the following sentences from a recent 
paper by Mr. George Westinghouse* In view of the fact that 
there had been no considerable demonstration of the single¬ 
phase system by actual use, and that the New Haven trains would 
be obliged to operate upon twelve miles of lines already equipped 
with the direct-current third-rail system, it must be conceded 
that the directors and management of the New York, New 
Haven and Hartford Railroad showed great courage and con¬ 
fidence in the judgment of their experts.” Mr. Jones is quite 
in accord with the authors of the present paper in expressing his 
opinion that the financial and engineering obstacles to pl^ino- 
entirely underground the trunk telegraph lines between all of 
the widely separated cities of this continent, etc. 

Mr. Jones statement that the resultant electrostatic induction 
is a maximum when the keys on the No. 2 sides of several 
adjacent quadruplex sets are simtdtaneously closed will bear 
considerable qualification. For instance, there must be a par¬ 
ticular coincidence of polarities to line on the No. 2 sides to 
bring about this maximum. One can easily conceive of a con¬ 
dition of complete neutralization of ill effects, depending on the 
polarities to line at a given instant, when all the No. 2 keys are 
closed. Furthermore, instances are cited in the paper in which 
many adjacent quadruplex sets have been operated without 
any impairment due to the cause stated. 


Concerning^Mr. Jones wonderment that the limit of trans- 
mission of an ideal printing telegraph system was not placed at 
5000 w-ords per minute, instead of 600 words per minute, the 

Insf 
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reason may be that the authors were desirous of keeping within 
limits that are at least eight times nearer attainment than Mr. 
Jones’ system. Mr. Jones’ arithmetic is perhaps astray in the 
computation that a transmission rate of 600 words per min¬ 
ute would involve preparing 30 word messages at the rate of 
66 messages per minute. Twenty messages per minute is 
nearer the mark and twenty operators could easily prepare the 
messages at that rate. Mr. Jones seemingly bases his dictum 
that the time constant of all known line wires, electromagnets 
and their connections for over 200 miles would utterly prevent 
the operation of a printing telegraph system at the rate of 
600 words per minute, upon the assumption that present methods 
must be strictly adhered to. This was not made a condition 
of an ideal printing telegraph system by the authors. The 
Buckingham-Barclay printer to-day has a capacity of 100 words 
per minute in each direction over circuits 1000 miles in length. 
In transmitting by this system each letter requires an average of 
nine time units made up of short and long pulsations of current of 
opposite polarities. The Murray printer of 150 to 180 words 
per minute employs five time units for the transmission of each 
letter. For the Creed printer, employing the Wheatstone al¬ 
phabet, it is claimed that 225 words per minute may be trans¬ 
mitted. 

The Wheatstone automatic telegraph system which employs 
an electromagnetic ink recorder is capable of transmitting mes¬ 
sages over regular telegraph wires at the rate of 600 words per 
minute, using the continental Morse alphabet, which requires 
an average of 8 time units per letter; the equivalent of 8 pulsa¬ 
tions of minimum duration per letter. It is therefore perhaps 
not the time constant of the line or apparatus that stands in 
the way of a 600 word per minute printer so much as the pre¬ 
sent cumbersome methods of selecting the letter to be printed; 
together with the more or less cumbersome printing apparatus. 

Hence it is conceivable that by ^ the use of a method in 
which the time units required per letter may be halved or 
quartered the speed of transmission may be doubled or quad¬ 
rupled without any change in the line or receiving apparatus, a 
result that would bring the speed of transmission quite close 
to if not beyond 600 words per minute. So in this respect as 
in some others Mr. Jones’ railroad analogy is not as apt as at 
first sight it might appear to be. But the suggestion of an ideal 
printer telegraph as noted in the paper does not confine the 
prospective inventor to existing electro-mechanical apparatus. 
Photography and other physical agents controllable by electrical 
impulses are open to the ambitious and qualified inventor, 
who, however, could not say that the context of the paragraph 
in the paper relating to an ideal telegraph system conveys the 
impression that the realization of this ideal system is devoid of 
difficulties. 

Mr. Cellar’s remark relative to the housing of insulators 
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indicates that he misses the suggestion of the pa|)er that relates 
to the housing of the wires for mechanical protection against 
storms. Mr. Cellar’s immediately following coiiimcnt on tlie 
destruction of open wires by storms however emphasizes the said 
suggestion; as does also Mr. Jones mention of the annual ex¬ 
penditure of millions of dollars for tlie x'cpair and Truiiiiteiiaiice 
of pole lines. 

With reference to Mr. Pott’s remarks concerning the im¬ 
practicability of operation of high S|")ced ])rinting telegra|)h 
systems on wires subjected to severe inductive disturlxances, it 
may be pointed out that a perusal of the |)a])er will sliow tliat 
the authors are in strict accord with Mr. Ikxtt’s in tliis view. 

It is noteworthy that many of the ini|)ort.iint inviuitions in 
mechanics and electricity have not Ixeen due to men directly 
engaged in the industrial application of those a.rts. Watt, for 
instance, was an astronomical and mathematit'al instrument 
maker. Morse was an artist \yy profession. SUxirns, Bell and 
Pupin were not in the telegraph or telephone sea*vice wlitm they 
produced their notable inventions in telegra|)lpy and ttiijyiiony 
respectively. Murray the invtjntor of the su(‘cessful |)rinting 
telegraph that bears his name was a journalist. Crix^d k^f t the 
telegraph service to devote his time to the develo|,)m(nit of liis 
ingenious punching and printing t(.degra])li, and tlu^ list miglit 
be continued almost indefinitely. 

One explanation of this fact may be tluit in ilm nuijority of 
cases the active engineers in an art are fully oe<,‘U|)ii»il witli the 
successful operation of existing apparatus or wildi prt>l:)lems 
connected therewith, and are given neitlier tlie time nor 
financial aid necc^ssary to undertake original rescxu’ch for tlie 
advancement and betterment of tlie art witli whitdi they may be 
associated. Anotlicr exfilanation may lie tliat in many (!ases 
the engineers in question are 0 |it‘rating engineers, tmi not in¬ 
ventors. This suggests the qtu‘Stion whether nmi ■ilioroiigl 
familial' with tlic requirenusits of tcii‘gra|iliy and of all the ee 
ditions to lie med, with in tlie tt‘ehni(’al tt‘k‘grapl'i servieiq and 
largely endowcal witli the inventive faeuliy miglil not he* stTiidvt 
to prosecute investig[iti.ons relative to tin* improvisnt 
telegraph services as rc:»Iat,("‘s to tin* transmission it( 
analogously as selected men in tlie nusliea] ainl iiUna* proiessions 
and arts are now cxclusivciy employed in matiem; nJaJ.ing in 
the advancement and im|;)rovement of those pnhvs 
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THE AUTOMATIC TELEPHONE IN RELATION TO 

CITY SERVICE. 


BY ARTHUR BESSEY SMITH 


The telephone requirements of a large city differ in certain 
essential points from those of a city of small or moderate size. 
The chief of these are-as follows: 

Measured service. 

Private branch exchange service. 

Interborough service. 

Although these exist to some extent in smaller places, they are 
peculiarly important considerations in the telephone service 
of a large and congested city. They are practically the condi¬ 
tions which had to be met by the automatic telephone exchanges 
installed in Oakland and San Francisco, California. For this 
reason it is felt that a statement of the chief engineering problems 
of these cities and how they were solved will be of general interest. 

The Setting. The interest in the region of the Golden Gate 
centers about two cities, San Francisco and Oakland. The 
former is a thriving seaport of about 350,000 inhabitants. It 
occupies the rough, hilly, northern end of the small peninsula 
(see Fig. 1) which separates the southern end of San Francisco 
bay from the Pacific ocean. The rather sandy region south 
of the city is thinly populated. The north peninsula across the 
Golden Gate is more thickly settled. To the eastward across the 
bay lies the city of Oakland, in the pleasant region between 
the Berkeley hills and the water. Oakland has a population 
of over 250,000 while Berkeley, Alameda and other 'smaller 
cities have about 60,000 inhabitants. The total population of 
the region reaches well up to three-quarters of a million. 

San Francisco is a cosmopolitan city. There are Chinese, 
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Italian and Latin quarters, each with its distinctive population 
and language. The wharves lie along the eastern edge of the 
city, with a great wholesale and manufacturing district south of 
the business center. Although a large amount of manufacturing 
is carried on, the harbor and shipping facilities have located the 
citv and made it what it is. 

Oakland has had a rapid growth since the earthquake across 



Main office, San Francisco 


the bay and is second only to San Francisco in business import¬ 
ance. The cities are very closely bound together by business 
relations and also because so many business men of San Fran¬ 
cisco live in Oakland. North of Oakland is Berkeley, the seat 
of the State University of California. Oakland also has con¬ 
siderable Chinese population, enough to warrant the serious 
attention of the telephone engineer. 
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7 he Problem Stated. The requirements to be considered in 
designing a telephone system for this region may be briefly stated 
as follows: 

1. A system which shall give satisfactory telephone transmis¬ 
sion between all points in the whole territory. 

2. A system which provides satisfactory accessory conditions 
such as ease, rapidity and accuracy of completing and con¬ 
trolling connections, methods of charging for service and means 
for discrimination in the same. 

The consideration of these general requirements as applied 
to the case in hand causesAheir expansion into ten conditions, 
viz ., 

1. Quiet, clear transmission over all talking circuits. 



South office, San Francisco 


2. Easy, quick and accurate completion of local connections 
within each exchange district. 

3. Provision for the cosmopolitan nature of the population 
especially regarding the diversity of languages. 

4. Measured service. 

5. Free service on calls to certain classes of stations. 

6. Private branch exchange business. 

7 Quick and accurate completion of calls between exchange 
districts especially between San Francisco and Oakland. 

S. Accuracy in charging the accounts of credit toll users. 

9. Credit and cash toll work between exchanges. 

10. Provision for the harmonious mutual working of different 
types of apparatus used in the several exchanges. 

A Bit of History. In the Spring of 1905 the interest of San 
Francisco citizens was aroused by a small exhibit of the auto- 
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matic system. This exhibit was, however, destroyed by the 
earthquake and fire in the spring of 1906. While the city was 
recovering from the effects of the disaster the attention of con- 
structionists^ was diverted to Oakland where an automatic 
system was installed and completed in May, 1907. It is of the 
three-wire trunk release common battery type, with Keith type 
line switches. Three offices are in service, Main East and 
Berkeley, with two district stations connected to the Main office 
Work was again taken up in San Francisco with the result 
that a system was installed in 1909. By the time the San Fran¬ 



cisco order was placed the two-wire automatic equipment had 
been perfected and was accordingly used. Four offices are at 
West^^ °P®rating and are designated as Main, Howard, South and 

Local Exchange Apparatus. 

• • 7^® locations of the offices in Oakland are shown 

in Fig. 1. More extended and detailed descriptions of local 
exchange apparatus have been given from time to time, hence 
my references will be confined to recalling the types and chief 

functions of the several switches, in order that the subjects dis- 
cussed may be more clear. 
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Each subscriber s line in any office terminates in a line switch 
(Fig. 2). These line switches are grouped in units (see Figs. 
3 and 4) of from 50 to 100 each. All the line switches in a unit 
have access to a group of ten trunk lines. The general arrange¬ 
ment of switches is shown in Fig. 5. When any subscriber in¬ 
itiates a call, his line is automatically connected to an idle trunk 
line, a. This trunk is preselected, so that there is no loss of time, 
the connection being practically instantaneous. The various 
groups of ten trunks each, which come from the banks of the 
line switch units, terminate in first selector switches. 

To the first or bottom level of bank contacts in all first se- 


l-fNE Switch 



Fig. 2 


lectors in Oakland are attached trunk lines leading to the Main 
office. The second level has the trunks leading to the East 
office and the third level those to the Berkeley office. Taking 
the East office for example, the trunks from the second level 
are termed local trunks, 6, since they run to second selectors 
in the same office. Those from the first and third levels, how¬ 
ever, are outgoing trunks, c, for they run to the other offices, 
Main and Berkeley. These outgoing trunks go through re¬ 
peaters, which serve the chief purpose of supplying talking cur¬ 
rent to the calling subscriber from his own office, while still 
enabling him to send impulses to the distant office to control the 
switches. 
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The second selectors in each office have the duty of picking 
out the desired thousand group and of selecting an idle third 
selector in that thousand. The third selector chooses the hun¬ 
dred group and the connector makes the final connection to the 
line of the called subscriber. In practice the connector switches 
are mounted on the same frame with the line switches with 
whose lines they connect. Incoming trunks, d, from other offices 
are wired to second selectors whose banks connect with trunks 
common to the local apparatus. 

The means by which a subscriber controls the switches is 




Fig. 3 —Grouping of line 
switches 


Fig. 4 —Close view of line 
switch unit 


briefly reviewed here to make clearer the operation of the special 
functions to be described later. The two line wires which extend 
from any Oakland ofiflce to a subscriber’s station are termed 
“ vertical ” and “ rotary ” respectively. In the office each is 
connected to a relay which has its other terminal attached 
to a battery of storage cells. The other (positive) terminal of 
the battery is grounded. The dial or calling device at the sub¬ 
station, when operated, grounds each wire in a definite way, 
operating the relays, and through them the sivitches. 

The vertical wire is the impulse transmitting member, for 
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over it are sent at various times the exact number of impulses 
required to set the switches according to the digit called. The 
rotary wire is the switching or circuit-changing member. It 
determines upon what switch or magnet the vertical impulses 
shall act. At the close of any series of impulses over the vertical 
wire, one impulse is always sent over the rotary wdre to shift the 
connections in the switches so that the next series over the verti¬ 
cal line will be effective on the next operation to be performed. 

When the called subscriber answers, a relay in the connector 
is operated which switches the rotary wire from negative to 
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Fig. 5—Trunking in Oakland 


positive battery, thus supplying talking current to the calling 
subscriber. 

The simultaneous grounding and clearing of both vertical 
and rotary, lines causes the switches to be released and restored 
to normal position. 

San Francisco. The relative locations of the four offices are 
shown in Pig. 1. The grouping of switches is somewhat different 
from that of Oakland owing to the introduction of secondary 
line switches. A typical arrangement is shown in Fig. 6. 

Each subscriber’s line terminates in a primary line switch. 
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These switches are grouped in units of 50 each, and have access 
to ten trunks, as described for Oakland. But here the difference 
begins. The trunks from the primary line switches are carried 
to secondary line-switch units, Avhere each trunk terminates 
in a secondary line switch. Each unit group of secondary line 
switches has access to a group of ten trunks, d, each of which ends 
in a first selector. These secondary line switches are exactly 
like the primary switches in function, for they pre-select the 
idle trunks in exactly the same way. 


2000 

PRIMARY SECONDARY 1ST 2nd 



Fig. 6—-Trunking in San Francisco 


The purpose of using primary and secondary line switches 
is to enable any subscriber’s line to use any first selector switch. 
This is in the interest of economy. Where only a small number 
of trunks are available for selection, the efficiency is relatively 
low. For instance, it has been found in automatic telephone 
work that ten trimks in one group can be depended upon to 

5 Ixc^ui* ^-3'Hs, or 22.5 calls per trunk. Twenty 
trunks in one group will handle about 575 busy-hour calls or 
28.75 calls per trunk. By arranging one hiindred first selectors 
in one group 4,000 busy-hour calls may be successfully handled. 
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If arranged in groups of ten each it would take about 180 first 
selectors to carry the same load. 

The intermediate distributing frame placed between the 
primary and secondary line switches is to render more easy the 
interconnections by means of which the traffic is equalized on 
all the first selectors. 

Since the first selectors select the office in which the called 
number is located, all levels but one will be connected to trunks 
to other offices. These outgoing trunks, r, are led through second¬ 
ary line switches so that any inter-office trunk is made available 
to any first selector. For instance, if we consider a call from 
Main to South, every trunk leading to the South office from Main 
will be available for use by every first selector in the latter office. 
By arranging all the trunks in a common group, considerable 
saving in trunk cable is secured. Though varying with the 
local conditions, the saving has in certain cases been as high as 
40 per cent. 

The incoming trunks, d, from other offices terminate in second 
selectors which have access, in common with local second se¬ 
lectors, to third selectors. The grouping from here on is identi¬ 
cal, in general, with that of the Oakland Exchange, and the con¬ 
nectors are mounted on the same frames with the primary line 
switches, whose lines they are designed to reach. 

The exact method of operation differs radically from that used 
in Oakland, for the San Francisco apparatus is controlled by the 
subscriber over two wires with no earth return. This greatly 
sinplifies the subscriber’s telephone and gives many structural 
and operating advantages. 

The two subscriber’s line wires are known as p’ositive and nega¬ 
tive, indicating the terminal of the battery to which each is 
attached through the windings of the line relay. The series 
of impulses for stepping up the wipers of the switches is caused 
by the dial or calling device, which opens and closes a normally 
closed pair of contacts. The line relay follows these impulses 
and repeats them to the magnets which move the wiper shaft. 

The switching of the circuit to the next switch or operation 
depends upon the time interval between one series of impulses 
and the next. During a series, the circuit-changing member 
is held by a catch, which is released when the impulses cease to 
come. The release is accomplished by simply opening the line 
circuit by hanging up the receiver. This momentarily brings 
into action the release magnets which restore all switches to 
normal. 



1366 


SMITH: TELEPHONE ENGINEERING 


[June 29 


1. Telephom Transmission. The nature of the completed 
circuit between two subscribers has a vital effect on the quality 
and loudness of transmission. Freedom from external dis¬ 
turbances is to be secured by properly transposed wires and 
perfect electrical balance. The former is secured by a large use 
of telephone cable, the latter by high insulation and properly 
designed apparatus. In the telephone switchboards installed 
in San Francisco and Oakland every talking circuit is balanced 
from one end to the other. Fig. 7 gives in simplified form the 
transmission circuit between two subscribers in separate offices. 
From the calling telephone to the called telephone there are four 
bridges ” or shunt paths. Each of these is a relay or a pair 
of relays, all of which are highly inductive, so that little loss 
is occasioned to telephone current. The impedance of each 
path from line to earth is made as nearly as possible equal to 
that of the mate. No extra coils are bridged to one side of the 


CALLING 

PHONE 





L 




CALLED 

PHONE 


Fig. 7 —Simplified talking circuit. Inter-office 


line, and none are inserted in series. All auxiliary circuits are 
handled by a third wire wdthin each office, leaving the talking 
circuit clear for its proper fimctions. The trunks are two-wire 
with no earth return circuits during conversation. Each sub¬ 
scriber is supplied with talking current from a battery in his own 
office. No repeating coils are used in any portion of the circuits. 

2. Method of Calling. The method of calling a number on the 
automatic system has been described by others. Briefly, it 
consists in rotating a small dial by the finger, making one motion 
for each digit m the call number. The dial used in San Francisco 
is shown in Fig. 8. To assist the memory, the offices are desig¬ 
nated by letters instead of figures. The code is as follows; 

C Main office. 

J How^ard office. 

M South office. 

S West office. 

Thus, a telephone whose number is 22785, appears in the 
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directory as J-2785. It is served by the Howard office, though 
this is of little importance to the subscriber. 

The manipulation of'the dial for an average call number takes 
about five seconds, after which the bell of the called station begins 
to ring without further action on the part of the calling sub¬ 
scriber. The ring is intermittent and ceases when the called 
subscriber answers. 

Instantaneous release of the switches is effected by hanging 
the receiver on the hook. This is of interest chiefly to th^e who 
have two or more calls to make in succession. 

3. Diversity of Languages. The method of calling above de¬ 
scribed is of special convenience to the many people who speak 
only foreign languages. The Arabic numerals are common to 
practically all nationalities represented in San Francisco except 



Fig. 8—San Francisco dial 


Fig. 9—Chinese dial 


the Chinese. For the latter a special lettering has been made 
which is shown in Fig 9. 

4. Measured Service. One of the conditions met in managing 
a telephone system in a large city is the desirability of charging 
for the service in proportion to the amount of service rendered. 
This is ordinarily done by attaching a meter to each subscriber’s 
line. The requirements of a meter are as follows: 

1. It must register only once for each completed connection, 
rejecting those in which the called station fails to answer. 

2. It must make no charge for connection to certain classes of 
telephones, such as fire, police, information and complaint desks, 
etc. 

The Oakland exchange is operated on the flat rate basis for all 
calls originating and terminating within the exchange, which 
includes the suburb of Berkeley. In San Francisco measured 
service is required. 
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The meter in an automatic telephone system is attached to 
the line switch. As above mentioned, it must not operate until 
the called station answ'ers. Therefore, the latter act must cause 
some change in electrical condition at the line switch wdiich will 
cause the meter to register. The line switch of the calling station 
and the connector which picks up the called line may be in 
different offices with 1st, 2nd, and 3rd selectors and a repeater 
in the circuit bet^veen. The called station can control the con¬ 
nector and through it the condition of the line leading back to the 
line switch. Two changes in condition are available, reversal of 
current and change of current strength. The latter is unde¬ 
sirable on account of its interfering with conversation to stations 
set aside for free service. The former seemingly necessitates 
some form of polarized magnet. As it was desired to avoid the 
use of permanent magnets, a two-coil meter was devised. It 
is so arranged that when the called station answ^ers, the current 
supplied to the latter operates the relay which reverses the cur¬ 
rent supplied to the calling line. This causes the meter to record 
one call. either coil alone will cause registration, and the 
apparatus has a range from 0 to 1,500 ohms line resistance. Its 
line coil is of low resistance and is short-circuited during con¬ 
versation. The reversal of current for operating the meter is 
accomplished in such a manner as not to cause inconveniences to 
the calling subscriber. 

5. Free Service. Since the connector is the switch in which 
occurs the reversal of current which operates the meter, the means 
for giving free service must effect this part of the apparatus. It 
is done by grouping all free service lines such as information, 
police, etc , into one or more hundred groups, each group served 
by a set of connectors. All these connectors are so wired that the 
current flow to the calling subscriber is not reversed "when the 
called station answers, consequently no register is made. 

There is one class of calls for which, strictly speaking, no charge 
should be made, and that is calls which result in the wrong num¬ 
ber being obtained. The meter makes no discrimination here, 
and if the called station answers, a call will be recorded. How¬ 
ever, experience has showm that such a small per cent of wrong 
numbers are obtained that they may safely be neglected. This is 
especially true if wrong calls due to carelessness in the use of the 
dial be omitted. For these it is right to expect the subscriber 
to pay. The same is true of regular manual practice, for if a 

subscriber calls for the wrong number and gets it, he is expected 
to pay for it. 
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Fig. 10 is a general view of a number of primary line switches. 
In the space above the switches indicated by the letter M the 
meters may be seen. These are in tight cases which are locked 
and accessible only to the official who has charge of meter 
reading. 

Cash measured service is furnished by means of coin boxes 
attached to the line wires at the subscriber’s stations. No coin 
is required to be deposited in order to call. When the called 
station answers, the reversal of current operates a magnet in the 



Fig. 10 —Primary line switches with meters 


coin box which short circuits the transmitter and places a shunt 
in parallel with the receiver. This prevents the transmission of 
speech, but allows the user to hear faintly the voice of the called 
subscriber. By dropping a coin in the chute, the shunts are 
removed, so that conversation can take place. 

When a call is made to a free station as above described, no 
reversal of current takes place, so that the calling subscriber is 
not forced to make a payment. 

Private Branch Exchanges. In both Oakland and San 
Francisco the nature of the business^makes quite a large number 
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of private branch exchanges profitable to the subscriber and to 

the operating company. These boards are manually operated 

and have several trunks connecting them with the nearest public 

exchange office. Each business house is listed under one number 

in the directory. When a public subscriber selects the call 

number the connector switch must automatically select an 

idle trunk to the private branch board. This is done by a 

special type of switch known as the rotary connector. It 

responds to the impulses for the tens and units digits of the 

call number, but immediately thereafter acts as a selector until 

an idle trunk is found. These rotary connectors are grouped in 

hundreds so that in providing for this special service the call 

numbers are set aside in blocks of one hundred each. Thus in 

the Mam office San Francisco, the 1100, 1200, 2100 2200 2100 

3200, 4100. and 4200 hundred ™i,s are set aside' for private 

branch exchange service and no number in them assigned for 
individual lines. 


Let us suppose that the call number of a certain wholesale 
ouse IS C-4251 and that four trunks are required for the busi- 
ness. The connector switches in the 4200 group of the Main or C 
o ce will serve this board. These four trunks will be multipled 
to the first four sets of contacts in the fifth level of the con¬ 
nector banks, that is, corresponding to numbers 4251 4252 
4253, and 4254. Contacts 4255 are connected to the busy tone 
so that if It happens that all trunks are occupied, the calling sub- 
scriber_ wall receive the busy signal and be induced to release. 
The private contacts 4255 of the several connector switches are 
not multipled together. If while all four trunks are occupied 
more than one called is received for the busy number, the second 
and later calls will also stop on 4255 and not be forced past to 
— 6 which mig’ht be assigned to other service. 

-.Ob 4„o7, 4^o8, 4259 may be given to some other private branch 
board. In fact any grouping of the trunks of a level may be 

used. It being only necessary to reserve one set of contacts at the 
end of each group for busy indication. 

The trunks to private branch board are treated exactly like 
subscnber s Imes in the public exchange, each being wired to a 
Ime switch for calls to the automatic system. They terminate in 
jac s and sisals on the manual private boards and can be used 
for establishing connections either to or from the subscriber, 
e operator is provided with a calling device which may be 
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switched by keys to any cord circuit. With this the operator • 
calls into the automatic exchange and arrangements are made so 
that complete double supervision is secured on all calls. 

In the case of a private branch exchange having sufficient 
magnitude of business to require it, the trunks leading from con¬ 
nector banks may be made one-way only and reserved for calls 
to the branch board. There will then be installed as many 
trunks from the latter to the public exchange as are necessary, 
these trunks being attached to line switches. The number of 
trunks is not limited by the number of contacts in a level of the 
connector bank. 

7. Ti'anshay and Suburban Toll. We come now to wffiat is 
perhaps the most interesting feature of the combined telephone 
exchanges. On account of the relative positions of the two cities, 
and their close business and social relations, the matter of quick 
and satisfactory communication between them is of great im¬ 
portance. 

The fact that a charge is made for all calls between the two 
cities makes it necessary to employ operators for putting up 
these connections, making records of the same. 

Long distance toll work is necessarily handled in a different 
manner from suburban calls. In the former, the telephone 
company agrees to bring together two persons, in the latter 
merely two telephones. This is sometimes called the “two 
number basis " inasmuch as only the two numbers are recorded, 
no attention being paid to names. 

A common method of handling suburban as well as long dist¬ 
ance calls is to have each call received by a recording operator, 
who makes out a ticket. She tells the subscriber that he will 
be called when the line is ready. The ticket is then passed to a 
line operator, who calls the distant city and with the cooperation 
of a similar operator there, establishes the desired circuit. She 
then calls the station wffiose number was given by the person 
originating the call and allows the conversation to take place. 

For the suburban work between San Francisco and Oakland 
it was thought best to abolish this slow procedure and use what 
is known as the “ rapid fire ” method. Accordingly provisions 
were made for allowing the recording operator at San Francisco, 
for example, to complete the call into the Oakland exchange by a 
calling device in San Francisco, and to allow the conversation to 
proceed at once. This virtually makes the recording operator 
a line operator and entirely dispenses with the services of a line 
operator to complete the connection in the distant office. 
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The recording operator is of course obliged to ask the sub¬ 
scriber who originates the call for his telephone number so that 
the cost of the toll service may be properly charged. It is to be 
expected that, either by accident or intention, wrong numbers will 
sometimes be given. To prevent error from this source a system 

of back checking has been devised, which will be described in 

detail later. 

The operators are divided into two main groups, suburban 
and long distance. The latter are as usual made up of recording 
operators and line operators, each with the usual duties assigned. 

The suburban operators work in pairs or threes and are termed 
suburban operators and checking operators. All calls for out 
of town come to the suburban operators, who act as distributors 
between the two boards. This is because of the relatively 
hea\ nature of transbay and suburban service as compared to 
long distance service. The suburban operator puts up suburban 
connections while the checking operator verifies the correctness 
of the number given by the calling subscriber. Usually one 
checking operator verifies the work for two suburban operators, 
though during periods of light load the latter check for themselves. 

The method adopted in making a call is as follows: The 
subscriber takes his receiver from the hook and calls the digit 
“ 0 ” on the dial. This lifts the wipers of a first selector to the 
top level and selects an idle trunk to the suburban board. 
Here a lamp attracts the attention of a suburban operator who 
answers the call by plugging into the jack and throwing the 
listening key on her cord circuit. She asks w^hether " suburban 
or long distance is w^anted. If the latter, she momentarily 
depresses the transfer key button associated wdth the trunk in 
use. This automatically transfers the call to the long distance 
recording board, w'here multiples of the incoming trunks appear. 
The proper operator, seeing the burning lamp, answers and'^cares 
for the call in the usual w-av. 

If, however, the subscriber replies that he wants “ Suburban ”, 
the suburban operator asks him two questions. 

“ What number do you wish?” 

“ What is your number?” 

This information she writes on a ticket together with the num¬ 
ber of the incoming trunk over which the order was received. 
The pad of tickets bears the suburban operator’s position num¬ 
ber and is arranged to furnish duplicate copies. Having re¬ 
corded the information she passes the duplicate ticket to the 
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checking operator who is seated directly in front of her. The 
two following operations are then performed simultaneoiLsly: 

The suburban operator selects an idle outgoing trunk leading 
across the bay and calls the number in the distant exchange by 
means of lier dial. The checking operator upon receiving the 
ticket plugs into tlie multiple of the incoming trunk shown 
thereon. Then Ijy an independent set of apparatus she calls 
the number of the originating subscriber. If the checking opera¬ 
tor finds that tlie number written on the duplicate ticket is 
wrong, she passes the ticket l)ack to the suburban operator by 
dropping it in a special ticket l:)ox in plain view. The latter 
operator at once throws the cxit~olf key on the cord, thereby sever¬ 
ing the connection from the outgoing transbay trunk. She then 
requests the calling sul:>scriber to repeat his number. If he 
repeats tlie niimlier |)reviously given, she informs him that she 
can not reach him over tliat number. In most cases the sub¬ 
scriber now corrects his mistake by giving the true number. 
This is now entered on the tickets and the duplicate again 
passed to tlie clu'cking o|)(u*ator for verification. Usually the 
suburban ()|)t‘rator allows tlie connection to |)roceed, while tlie 
second check is lading made, for, as a rule, the second number is 
found to 1)0 corr(:u''t. 

On tlie suburban oiierators cord circuit is jirovided two super¬ 
visory lamiis wliicli Inive tlie usual functions. The tadlipg super¬ 
visory lamp Inirns till tlie suliscriber in the dist.ant ollice answers. 
Then the operator sta.m|')s tlie ticket in a ealculagrapih. At the 
end of tlie convi^rsation liotli suliscriliers liang u|) the receivers. 
Tins liglits liotli supervisory lamps. The Q].)erator then times 
the ticket and disconnects the circuits. 

The eom|ilt‘tef! circuit over which conversalJon is cairried on is 
sliown in simidifieil form in Fig. II. It is Imlanced and quiet 
in service. Tin* ra,pid lireak and make of tlie calling device in 
o|)eratdng tht^ switc-lies througli tlu^ calde under tlie liay causes no 
inconvenience to tliose using parallel trunks. 

When a suliscrilicu" has se<'ured connection with tlie sulnirban 
or toll lioarcl, it is m‘cessa,ry tliat he be permitted to signal the 
operator by moving liis receiver hook u|> and down. This would 
ordinarily 'Cause the reUviS'e of his first selector since all auto¬ 
matic swif.cln:‘s are ainangeii to lie released l>y the depressing 
of the hook lirver. To prevent this breaking of the connection 
a special arrangement is attached to tlie outgoing toll trunks 
from each office in place of the regular repeal,er. This enables 
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the release of the first selector used by the subscriber to be con¬ 
trolled by the operator. 

After the subscriber has hung up, the operator pulls out her 
plug which automatically causes the release of the first selector. 

8. Toll Checking Apparatus. In the preceding general de¬ 
scription of the mode of operation, reference was made to the 
toll-checking operator and her apparatus. The general plan of 
checking is to connect to the incoming toll trunk in use a source 
of alternating current which produces a musical tone. By inde¬ 
pendent automatic switches the checking operator calls the 
number given. If correct she will obtain connection to the 
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Fig. 11— Simplified transbay talking circuit 


same line as that over which the call was received by the suburban 
operator, and by listening can hear the tone. The condition is 
shown in Fig. 12. The subscriber at the right has called the 
suburban operator over the incoming toll trunk. The operator 
has answered and made out the ticket. The checking operator 
has used a checking trunk to secure connection with the number 
given. At this point she presses the check tone key which con¬ 
nects to the incoming toll trimk a source of alternating current 
which produces a sound differing from the regular busy tone of 
the exchange. If the number is correct, the tone will be carried 
back over the toll trunk to the connector multiple and thence 
over the checking trunk to the checking operator. 
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The ordinary connector cannot be used by the checking 
operator in picking up the calling subscriber’s line, because the 
latter is protected by a busy test which will not permit an ordi¬ 
nary connector to establish connection. For this work one check 
connector is provided in each hundred group. It is devoted 
exclusively to testing and checking. It is provided with three 
pairs of wires, one pair (A and B) for carrying the tone, another 
pair (-f and —) for operating the magnets for lifting and rotating 
the wipers and a third pair for auxiliary purposes. 

The checking operator secures connection with the check 
connector in any hundred in any office by a system of first, second 
and third selectors which is entirely separate from the regular 
apparatus of the exchange. One first selector repeater is pro- 



Fio. 12—Simplified toll checking circuit 


vided for each checking operator, to enable her to select a trunk 
to any office in the exchange. In each office as many second 
selectors and third selectors are provided as are necessary for the 
work, the number varying in the different offices. These are 
operated by a calling device located at the checking operator s 
position. 

"When the checking operator plugs into a connection it 
lights a red lamp associated with the suburban operator’s 
cord circuit. This shows that the checking operator has picked 
up the trunk. When the checking operator has verified the 
number and withdrawn her plug the red lamp is extinguished, 
thus notifying the suburban operator that the number has been 
checked and is correct. 
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As a guard, tending to prevent the checking of wrong trunks, 
the checking operator’s cord circuit is provided with a lamp. 
This lamp will light when plugged in on a trunk which is waiting 
for the complet'on of a connection. If, however, the checking 
operator by mistake plugs in on a non-busy trunk, or one over 
which a connection has been completely established the lamp 
will not burn. 

9. Credit and Cash Tolls. The larger proportion of the calls 
between the two cities are handled on the credit basis. From 
the records of the toll tickets, statements are made out at regular 
intervals and sent to the subscribers for payment. For such 
public places at which it is desirable to collect cash for suburban 
and long distance service, a regular coin box is attached to the 



Fig. 13—Secondary line switches 

telephone. The dropping of the coin gives a signal w^hich re¬ 
veals its denomination to the operator. 

10. Two Three-wire Operation. In the general description of 
suburban toll operation a short reference was made to the trunk 
lines connecting the two cities. For the purpose of giving a bet¬ 
ter idea of the arrangement, a trunk line will be described which 
handles calls from San Francisco to Oakland. 

The work of interconnecting the two exchanges was rendered 
more difficult by the fact that the Oakland apparatus is three- 
wire, wffiile that of San Francisco is two-wdre. The two-wire 
system requires only the opening and closing of the line circuit. 
The three-wire system requires each line wire to be grounded in 
a certain order. The San Francisco recording operator using 
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a two-wire calling device was required to operate three-wire 
selectors and connectors in Oakland, in some cases as far as 


thirteen miles away. This was done by means of repeaters which 
handle the impulses somewhat like a telegraph-repeater, except 
that it is necessary to transmit impulses only one way. 

Each transbay trunk from San Francisco to Oakland ends in 
multiple jacks with visual busy signals on the San Francisco 
suburban board, and in a first selector-repeater in the Main 
office in Oakland. This switch is a first selector, to pick out 
trunks to the desired office in Oakland, combined with a repeater 
arrangement to convert the simple make and break of the two- 
wire system into the alternate grounding of vertical and rotary 
lines required by the three-wire syjstem The release of the 
connection as well as proper supervision is also provided in the 


repeater. 

The operator is provided with a set of plugs and cords with 


which to connect incoming trunks from San Francisco sub¬ 


scribers to outgoing trunks to Oakland. A calling device is 
motinted on the keyboard and arranged to be switched into any 
cord circuit by keys. When a call comes in over an incoming 
trunk, it is answered by inserting the answering plug of a cord 


into the proper jack. An idle outgoing trunk to Oakland is 
selected by inspection of the visual busy signals, and the calling 
plug of the cord in use inserted into the jack. The calling device 
is then switched into the cord circuit and rotated in accordance 


with the desired number. This operates the switches in 


Oakland. 

The supervision is accomplished as follow^s: Across each cord 
circuit of the suburban operator in San Francisco is bridged a 
polarized relay, P, Fig. 11. Normally the current from the 
first selector repeater in Oakland is in such a direction as to cause 
the relay to light its associated lamp. In the Oakland exchange 
the circuits from the first selector through to the connector are 
three-wire. When the called subscriber answers, it causes the 
rotary line to be switched from negative battery to ground or 
positive battery. Tliis energizes a pair of relays in the first 
selector repeater which reverses the current supplied by the latter 
to the operator’s cord circuit in San Francisco. This reversal 
causes the bridged polarized relay P to operate, extinguishing the 
supervisory lamp. 

The release of the three-wire Oakland apparatus calls for the 
momentary simultaneous grounding of the vertical and rotary 
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lines. The two-wire first selector repeater at the Oakland end 
of the transbay trunk requires only the simple opening of its 
line circuit By a suitable arrangement this is made to cause the 
release of the three-wire apparatus according to the manner just 
indicated. 

The trunks from Oakland to San Francisco are operated 
straight two-wire, and hence are simpler than those just de¬ 
scribed. For the sake of securing sharper, better signals the 
trunks are wired through the first selector repeaters in the San 
Francisco main office. Supervision is secured by marginal relays. 
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Discussion on '' The Automatic Telephone in Relation 
TO City Service.’’ Jefferson, N, H., June 29, 1910. 

Frank F. Fowle: Mr. Smith’s paper is a very interesting 
description of the general features of a large automatic installa- 
tion, from an operating standpoint. The descriptive nature of 
the paper does not permit of elaborate discussion, but there are 
several novel features worth emphasizing. 

The ingenious method of checking suburban toll calls, with 
the rapid fire ” or “ express ” method of operating, is especially 
interesting. It does away with the drag on the service caused 
by releasing the calling subscriber and then calling him back 
when the connection is ready—a procedure which, as Mr. Smith 
describes, is only necessary to verify his number and prevent 
mistakes or fraud. 

The problem of a meter for measured service seems to have 
been solved to the same degree that it has been worked out in 
manual practice, but it is yet lacking from the standpoint of the 
subscriber. The only satisfactory solution to the subscriber 
will be an indicating meter at his telephone, which he can read 
himself. The means for accomplishing this appear to be at 
hand, both in manual and in automatic service. There seems 
to be some apathy towards realizing this ideal arrangement on 
the part of telephone companies, due no doubt in part to the cost 
of an extensive change in subscribers’ equipment, and in part 
to a belief that the public does not demand it. On the latter 
score, the public has been discouraged in some cases into be¬ 
lieving that this ideal plan is very costly and difficult of achiev- 
ment. 

Coin boxes for prepayment service have long been in use in 
manual systems. They have been operated under two plans, 
one requiring the deposit of the coin to signal the operator, and 
the other requiring the coin to be deposited after the order has 
been given, when told to do so by the operator. The former 
plan is used in business districts, the latter in residence districts, 
where it might occasion some inconvenience to find a coin in an 
emergency or late at night. Under both plans, the operator 
controls the disposition of the coin by means of keys in her cord 
circuit, sending it into the coin box if the call is completed, or 
returning it to the subscriber if the call is not completed. 

Mr. Smith describes a device by means of which the coin box 
is employed in automatic prepayment measured service. The 
coin here is not deposited until the called party responds, and 
then it must be dropped in the box in order to take a short 
circuit off the transmitter at the calling station. 

This form of service admittedly has disadvantages in public 
places, stores, waiting rooms, etc., but on the other hand it 
has admittedly several disadvantages for offices and residences. 
In view of the fact that this class of service is usually charged 
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for at a low minimum, it comprises in some cities a large part 
of the whole development, and considerations affecting it are 
therefore important. 

The functions now controlled at the subscriber's station could 


be arranged to operate a meter dial and thus register the call 
within sight of the calling party, thereby doing away with the 
objections to the coin box in office and residence service. The 
costs of reading and collecting might be slightly greater than they 
are with the present system, but not such as to increase the total 
cost of operation to any appreciable extent. It is quite con¬ 
ceivable that the meters could be read by calling the subscriber 
on his telephone and asking him for the reading, although in 
such a case it would be necessary to have duplicate meters in 
the exchange, as a check. 

A meter situated in the exchange, assuming that to be the 
only meter, is beyond the control or observation of the sub¬ 
scriber, and theoretically this is not the proper place for it, al¬ 
though such an arrangement is both convenient and economical 
for the company. There is natural suspicion of such a plan on 
the part of subscribers, particularly when they are unable to 
check their bills. 

Under the proposed plan, the meter should not cost more than 
the present coin boxes, and probably less. The maintenance 
costs should also be no greater. 

The writer asks Mr. Smith the following questions in regard 
to automatic practice in San Francisco and Oakland. 

1. In the case of manual private branch exchanges, what 
arrangements are made for night service when no operator is on 
duty? That is, is there any practice wffiich corresponds to the 
plan of connecting certain extensions through the branch board 
to the exchange for night service, as in full manual systems? 

2. In the case of manual private branch exchanges, are the 
extensions equipped for automatic or manual operation, or 
both? 

3. Are automatic, unattended private branch exchanges in 
demand or in use? 

4. Has party line service been developed, and if so, of what 
classes. Is selective ringing employed? 

5. What standard of transmission in terms of No. 19 B. & S. 
gauge cable wdth 0.054 or 0.060 mf. per mile, was employed in 
laying out the distribution, and the toll trunks, for all service in 
the automatic zone? 

Geo, D. Shepardson (by letter): The telephone exchange 
systems present an interesting case of the gradual displacement 
of sentient actions by automatic operations which has been going 
on in most lines of industr^v It is common to distinguish be- 
Ween manual ’’ and automatic ’’ exchanges according to 
whether human effort at the exchange is or is not required for 
performing the various operations of connecting the calling and 
the called subscribers. As a matter of fact, manually operated 
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systems use more and more automatically operated devices, 
and automatic systems require more and more manual operation 
as they become more and more extensive. The exact stage 
where a given system shall change from automatic to manual 
operation or vice versa is a question partly of simplicity of design 
and of ccTtainty of o|)t‘ration, and partly a question of required 
investment and of dividend-earning capacity. 

Tlie first im]:)ulse or judgment regarding automatic telephone 
systems is that they may be suitable for small towns, but that 
they are inlierently outclassed 1:)y manual systems when applied 
to the multifarious demands of large business communities. It 
is interesting to learn tliat ])ractically every service has been 
met successfully l)y jiutomcitic devices, with the single exception of 
toll service, wliere partially manual operation is found desirable. 
Theorctic'ally tlie automatic system, could take care even of such 
service, and the ])rol)al)lc reason for the introduction of manual 
0|)C‘rat()rs a,t, this vSta,ge is doubtless due to financial rather than 
to fiurely theoremtical or engineering considerations. 

The various cliecks on measured and toll service are of much 
intt*r('St . Tlie feeling tliat an automatic apparatus is insentient 
|3rol)al)ly adds grcaitly to the instinctive desire of customers with 
weak or pervertcHl moral natures to beat the company.” A 
soinewliat similar tone-ti'st on the line of the subscriber re- 
fiorted as calling for a, toll ('onnection might save full-manual 
systems some trouble' from tolls erroneously or viciously charged 
against an innocent su1)scriber, 

Tht' (1(!V(l()pinent of the automatic telephone system has pro- 
cecalcsl to a. stage' that ('om])els admiration. Both the electrical 
and tlie meclianic'rd fea,tures liear evidence of careful forethought 
and of fruitful i‘X])c*rienc(n A detail that contributed much to 
the successful o|)eration of switching devices at a considerable 
distaiKX^ from the l)a.ttery, is the minimizing of friction in the 
selecting switt'h hy having the plunger move to the chosen 
position liefon^ c'omiiig into contact with the fingers or jacks. 

An e(jually iiigeiiious fiaiture of the earlier exchanges was the 
use of one side' of the line for selecting the bank or group, while 
tlie individual unit was sidected over the other wire. In the later 
dcwelopmcnit the sucxx'ssful use of the time element in dit- 
fc'rentiating lietwcxm t.li(‘ group and the individual, bears evidence 
of careful design and d(?velo|)ment. The elimination^ of the 
mound ('omii'cddon doulith'ss removes a source of considerable 
ray noise and otlam troulile. But a c|uestion arises as to whether 
«coiible is not exiierienccd in requiring the calHng sutecriber 
to observe a certain ra|:)i<Hty in making successive settings of 
thudial, lest too long an interval result in automatically cutting 
the conneeti'C.m lit'fore it is complete. 

riie usi* of primary and secondary line switches for saving 

.. and trunks set'irk closely analogous to the development of 

meal automatic excdianges for handling business of district at 
some distance from the main exchange, such as are being used as 
auxiliaries to automatic or manual exchanges. 
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The mention of difficulties arising from the Chinese method 
of counting, prompts the suggestion that French girls should 
make good telephone operators on manual boards having 
twenty jacks in each row. For, if the French think as they speak, 
they think in twenties rather than in tens. Thus, instead of 
thinking of 88 as eight tens plus eight, they apparently think of 
it as four twenties plus eight, for they call it '' quatre-vingts 
huit.’’ The neophyte French operator would automatically 
look to or reach for the fifth row of jacks instead of for the 
ninth row as would be more natural for the ordinary girl. 

A point of especial interest in the automatic system as pre¬ 
sented in this paper is the simplicity of the talking circuit and 
its freedom from series impedances and objectionable leakages. 

Altogether, the system here presented seems to be a triumph 
of inventive skill, of engineering research and of financial per¬ 
severance and courage. 

L. M. Antoine (by letter): The paper is limited to a de¬ 
scription of the San Francisco plant and does not touch on the 
advantages to be derived by the system installed there over 
other systems originally installed. 

A point which appealed to me was the small number of switches 
used, and the flexible arrangements by which these few switches 
were made to handle the load. The elimination of all super¬ 
fluous equipment should carry with it many advantages, such 
as lower first cost, less floor space, reduced maintenance cost 
and more efficient service due to less chances for trouble. The 
latter tW'O points are of paramount importance to an operating 
company, for a lesser amount of equipment wdll require fewer 
switchmen to attend it and can be more carefully watched. At 
the present time first class switchmen are very hard to get and 
command good salaries. Practice has shown that equipment in 
constant use is less subject to trouble than that which is only 
used occasionally, for dust will collect on contacts and moving 
parts of idle switches, and make their operation sluggish and 
uncertain. 

Another problem which has confronted operating companies, 
and which seems to be satisfactorily solved in this system i-s 
that of giving good measured service. It is not an easy matter 
to design a meter that will automatically register completed pay 
calls only and eliminate incomplete and busy calls, calls to free 
nurnbers, etc. It has evidently been accomplished and the 
device and circuits are so simple that its operation should be 
positive. 

One of the strong points of this system is its efficient private 
branch exchange service. In Portland, Oregon, nearly 25 per 
cent of the automatic telephones are stations on private systems 
of some kind. ^In the standard private branch exchange the 
trunks and stations terminate in jacks with lamp signals at a 
small manual switchboard and each station is equipped with an 
automatic telephone. 
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Taking down the receiver signals the operator who connects 
the callnig station with a trunk, or another local station asked 
foi. All local calls arc completed nianuallv bv the ooerator 
but on trunk calls the station, does the caUing and releasing 
automatically. This is a great advantage for when the station 
has liecn coniiected to a trunk the calling party can operate as 
on a main lincj telephone, and call as many numbers as he 
desires without attracting the attention of the operator. Until 
he liangs up his receiver for a period of time longer than that 
rc(:|uired to redease tlie call tlie operator gets no supervision. On 
incoming ^cvills from the c^entral office the rotary connectors 
select the idle trunks, as descrilicd in. the paper under discussion. 
All arc two-way trunks, ddie board is equipped with a calling 
devic'c ena,bling tlie oiierator to do the calling if desired. 

Automatic intercommunicating service has been perfected 
to sucli {in (‘xtent/ that it is very desirable in private systems of 
l)ut a lew sta,t,ions. ddie oiieration is the same as that of a 
manual intercoininiuucating system, except that the calling is 
done automatically. 

Anothm* kind (^)f service that is growing into favor is that 
of ^intur-ccinuiniriicatiiig lictween extension telephones on a 
main line. A ])arl,y on one C'xtension wishing to talk with another 
on the same line calls an eight on his dial which connects his 
line to a sp^tH'ially (k‘signtMl switcli. This switch sends out gen¬ 
erator to ring l)ells on his own line, and also furnishes talking 
battery. ^ By using dilTerent rings for each extension it makes a 
very satisfactory office system. 

A sc‘rvic*e wliictli is lading extcmsivcly used is that of a house 
systtmi in eotinection wntli main lines in apartment houses, 
ddie main lin(*s art* winsi in the regular way except that they are 
nutlti|)led into sets at the vc‘stil)ules, tradesmen’s entrance and 
janitors’ ciuartcus. Tlu‘se sets are equipped with push buttons 

.one for eac'li a.|)a,r!,iTU‘nt*.with the name of the occupant op- 

|)ositin Wlum cxdling atiy aiJartmexit over one of these sets 
it is mertdy necx»ssary to ])ress its res|)ective button to ring. On 
removing th(‘ iirc'^ssun^ tlie ]msh Imtton restores itself part way 
and rc'inains in a tidking |)osition until the receiver is hung up, 
wIku tlie button is r(‘st.ored to normal. All ’phones in a])art- 
ments are so wircal that if a [nish liutton is depressed before the 
dial is rotat(*d t^lu* liell at the janitor’s station is rung and a drop 
corres|,)onding to tlie calling telcph(,)ne cnengized. If a subscriber 
wislies to make a, trunk cxill lie makes it in the regular way. As 
soon as the dial is rota,ted the janitor signal circuit is open. 

Toll SiTviec* is one* of tin* inc>st essential requisites for the suc- 
ec‘ss of any tc‘k*|ilione systt*m, for the value of a tclejihone to the 
suliscrilier (k'|,)en<ls as mnc'li on the number of suliscribers he 
can rt*aeli as on tJui ciuality of tlie service. When toll traffic 
s as heavy as it is bet\vi,:‘en Ban Francisco and Oakland, too much 
^'Ution cannot be given to tlie development of an efficient 

system installed at San Fi'ancisco 
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and Oakland the service should be very rapid, for the suburban 
operator dials the required number and the checking is done later, 

A. B. Smith: Answering Mr. Fowle’s questions in order, I 

will state as follows: 

1. Private branch exchanges, which are used in connection 
with automatic public exchanges, are given the same night ser¬ 
vice as is customary in an all manual plant. Such telephones^ as 
it is desired to connect up for the night are equipped with 
automatic calling devices. They are thus enabled, when plugged 
up to trunk lines for the night, to operate the automatic switches 
in the public exchange just as if each were on an ordinary sub¬ 
scribers line. 

2. As indicated above, only such telephones in the private 
branch exchange are equipped with calling devices, as are ex¬ 
pected to be used for direct calling. Owing to the simple nature 
of the calling device, it is an easy matter to equip any manual 
telephone in the branch exchange so that it will be able to operate 
the automatic switches. 

3. Unattended, automatic. private branch exchanges are in 
demand and are in use in a number of places. 

4. For many years party line service has been given by auto¬ 
matic exchanges. The four frequency harmonic system is 
employed, using 16-, 33-, 50- and 66-cycle currents to ring the 
bells. Both two-party and four-party service are in use. 

5. Since the matter of transmission standards falls within 
the field of the constructing engineer, I will leave the discussion 
of this point to Mr. S. G. McMeen. 

Professor Shepardson’s remark regarding the time element 
necessary in two-wdre automatic operations, requires a little 
explanation. When the subscriber takes his receiver from the 
hook, a circuit is closed through the telephone in exactly the 
same way as in any ordinary common battery telephone. When 
the dial is rotated to send in the impulses for any given digit, 
it merely opens and closes the circuit as many times as there 
are units in the digit; that is, if the subscriber pulls the dial 
for the figure 3 the calling device would open and close the circuit 
three times, and would come to rest with the circuit closed. 

If the subscriber so desires, he may ivait several minutes 
bet'ween successive settings of the dial without causing any 
further inconvenience than to delay the completion of his call. 
The release is initiated by the opening of the line circuit which 
is done by the hanging of the receiver on the hook. 
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INTERACTION OF FLYWHEELS AND MOTORS W^HEN 
DRIVING ROLL TRAINS BY INDUCTION MOTORS 


BY F. G. GASCHE, M. E. 


Recent innovations in the method of driving roll trains by the 
induction motor as accompanied by a rotor of considerable inertia 
effect has compelled the study of a dynamical problem of some 
complexity. The problem is essentially a commercial one in 
requiring that the mechanism involved shall exhibit the greatest 
return on the investment. This unavoidably imposes the con¬ 
sideration of the prime mover as well as the motor and equip¬ 
ment immediately attached to the roll train. While a complete 
statement of the solution of this commercial problem cannot be 
evolved at this time, it is the purpose of the following analysis 
to exhibit the manner of disposition of certain important ele¬ 
ments. 

The examination of the phenomena of motor and flywheel 
action by analytical processes is proposed in view of the practical 
impossibility of establishing the important items by the use of 
recording wattmeters, tachometers, or other instruments. The 
time intervals are so short that the inertia and other instrument 
defects introduce large errors even with perfectly constant volt¬ 
age. Constancy of voltage with any power plant connected with 
a rolling mill is yet to be observed, so that direct experimental 
examination of the actions considered herevdth is not an inviting 
prospect. 

Roll train resistances, particularly on the heavier types of 
mills, are so exceedingly variable that no type of prime mover, 
gas engine, steam engine, or steam turbine, can withstand the 
sudden applications of load without the risk of troublesome, if 
not dangerous, speed variation unless one or more flywheels 
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exist in the system of motor drives. In addition to this there is 
imposed a high cost of conversion and the extra expense due to 
peak loads in the absence of flywheels. 

More than this, if several large systems of roll trains are oper¬ 
ated from a central electric power plant, it will be found, sooner 
or later, that it is structurally and commercially inexpedient to 
provide a suitable fl\nvheel effect on the prime movers to meet 
the load variations on the entire system of power transmission. 
The shocks on the motor shaft driving a roll train are such that 
safe dimensions are almost forbiddingly large. Mithout the 
presence of a flywheel on the motor shaft, this shock, and the 
accompanying momentar}^ demand for energy, is instantly 
transferred to the shaft and flywheel of the prime mover. 

The motives for the application of a flywheel to a motor-driven 
roll train can be thus indicated: 

a. Providing reservoirs of energy exterior to the power plant, 
in excess of the structural and commercial possibilities of fly¬ 
wheels on the prime movers, or of storage batteries. 

b. Equipment of the roll trains with an independent means of 
freeing the rolls of the bars, in case the motor becomes suddenly 
inoperative. 

c. Raising the load factor on the power plant. 

d. Reduction of size and costs of installation of motors, par¬ 
ticular! v with variable roll train loads. 

With reference to the first item, it may be said that the fly¬ 
wheel performs functions in the way of instantaneous and pre¬ 
cisely measured delivery of energy wdth an efficiency of practi¬ 
cally 98 per cent, and with a cost of installation that wmuld 
make a storage batter}^ the alternative to be avoided. 

The second item is a consideration of the first importance to 
any practical mill man. The repetition of roll changes, involving 
loss of operative time, and the removal of “ cobbles ” or de¬ 
fective bars, could easily impose a financial loss that would lead 
to the condemnation of a given motor drive. 

Item c is almost beyond discussion, as the approximation of 
uniformity of demand on the prime mover is an advantage that 
can be appreciated by all. 

Concerning item d, it may be urged that the mill operation, 
known as a roll “ pass ”, is accompanied by characteristics in 
the nature of expenditure of energy that are not to be found 
on any other system of electric power transmission. The nature 
of these resistances will be explained in what follows, but atten- 
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tion is directed to the consideration of an element of first import¬ 
ance, viz., the time required for the “ pass as well as the time 
between “ passes ”, is established by operative mill conditions. 
These time intervals are generally so short that the frequency 
of automatic change of controlling devices may be considered 
as very objectionable, if not physically impossible. The de¬ 
duction from this requirement is that the secondary resistance ” 
of a motor cannot in general be changed to make available two 
forms of “ slip curves ” during the time required by a pass. 
The “ torque-slip ” relations having prevailed up to the instant 
the bar enters the rolls, these relations must continue in most 
cases until the “ pass ” has been completed. Since a certain 
amount of ‘ ‘ slip ’ ’ is necessary in order to realize a torque in¬ 
cident to the resistance of a roll train, it remains to determine 
how this “ slip ” shall be distributed over the time required 
for the “ pass ”, or a portion thereof. On first sight it would 
seem possible to employ the minimum of slip and use a motor 
exerting a torque equal to the roll train resistance when working 
at its most economical load. An alternative would be to use 
a motor of lower rated capacity, operating on a greater amount of 
“ slip ” in coming to full torque, and supplement the tardy re¬ 
sponse of the motor by the action of a suitable fi 3 rwheel. If this 
alternative does no violence to the efficiency of power trans¬ 
mission, it at least favors a lower cost of installation. On 
certain types of small mills the first method of driving may serve 
a purpose with a slightly higher electrical efficiency, without 
the palpable exhibit of a flywheel, but the inertia effect of the 
rotor itself will generally in such cases be a considerable item to 

the advantage of the construction. 

It will be shown in what follows that, on the assumption of 
perfectly rigid roll train connections and a rotor without any 
inertia effect (if such were possible), the induction motor is 
physically incapable of assuming any roll train load above the 
friction load that by some means may have been imposed on 
the motor. On the larger sizes of roll trains the shock imposed 
on the rolls and connections, due to the action of a powerful 
motor of small slip, will prove such a destructive agent that the 
experience will be at least a costly one. The nature of shock 
arising at the motor shaft can be understood from the following 
study of the characteristics of a roll pass, (See Fig. 1.) As the 
bar strikes the rolls at a preparatory to entering the groove, there 
is an increasing resistance to the driving mechanism until the 
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forward extremity reaches h, the smallest section of the groove. 
The resistance at this point h becomes a tangential effort at the 
roll surface remaining constant until the rear end of the bar 
reaches the point a at the rolls, when it diminishes to zero as the 
rear end of the bar reaches the point h. In addition to this 
resistance there is a constant resistance, due to the light running 
of the roll train, which must be added to the above in referring 
the energy requirements to the motor shaft. 



Fig. 1 —Energy diagram for a roll pass 


The operation of a roll pass may be represented by a diagram 
of energy a' a c dff. The “ approach load ” a' act' is due to 
causes above explained, as is also the “ terminal load ” e' dff. 

In some of the larger mills the portions a b and ef may be a 
large percentage of the total distance a / for the pass. In many 
problems of design it is sufficient to consider the diagram of 
neergy for a pass as the rectangle b' c g f, thus assuming the 
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instantaneous rise of roll train resistance to the full value Tg. 
For other cases, and particularly for tapered ingots, the “ ap¬ 
proach load ” a' a ch' must be investigated as a special problem. 
As the necessity for this will seldom arise, the complete solution 
will not be introduced at this time. 

It may occur at this part of the treatment of the subject that 
an item of leading importance must be assumed or defined 
before analysis of the complicated phenomena can be under¬ 
taken. This item is the tangential force due to the roll pass, 
which can be obtained in two ways. First, by direct experi- 



Type I-Tangential force at the motor shaft at the instant of full 

entry of bar into the pass is than the tangentml force due to 

roll train resistance, i.e., T^’ < 

Fig. 2—Elementary load. Rigid roll connection. 


ment on existing roll trains. Second by calculation 

^ fnrmiilse and physical constants. Assuming 

tb^t bv some means a definite knowledge of the energy diagram 
that by some ^ available the considerations govermng 

for a given may be developed from 

the Eneriy diagrams for mill opeia- 

the dynamics of *e P ^ distSct classes, illustrated by 
tions ma^ be characterise all isolated roll 

Snslr^gWol motors, 

possibility of a simultaneous operation m Wo mot g 
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The roll “ passes ”, so far as time of action is concerned, are 
completely isolated. 

The latter (Fig. 3) may develop in systems of rolls driven from 
a lay shaft and gearing such that the simultaneous action on 
two or more “ passes ” is a possibility. This action results in 
certain “ combination loads”. The principal distinction between 
these energy diagrams consists of the following: The initial 
tangential force TJ in Type I is less than Tg, due to the roll train, 
and generally greater than Tq, due to friction load. The force 



Type II Tangential force at the motor shaft at the instant of full 

entry of bar is greater than the tangential force due to the roll train 
resistance, i.e., 

Fig. 3 Elementary load. Rigid roll connections. 

To' for Type II is greater than T, by virtue of the previous 

history of the motor action, and is invariably the result of 

combination loads of a certain class. Equations (1) to (36), 

inclusive, exhibit the dynamical relations for these elementary 
loads. 

Cyclical Operation of Roll Trains 

With aU the apparent variations of load conditions in a given 
mill, there is for the same class of steel product a well defined 
cycle of operations into which the mill equipment and its opera- 
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lives gravitate. The determination of the elements of this cycle, 
including forces in action, time intervals, etc., is capable of 
precision within the limits of error of the primary data, by means 
of equations (1) to (36) and the particularly important value of 
the force nT\ at the end of the last time interval for a mill cycle. 
The derivation of the numerical value of this force from the 
elements of the various loads composing the cycle is shown in 

equations (37) to (43) inclusive. 

It is seen that all the formulae are dominated by a particularly 
important constant A, which embodies all that is characteristic 
of both motor and wheel, so far as the dynamics of the prob¬ 
lem of roll driving are concerned. Its value must be determine, 
with some degree of accuracy, since gross errors will vitiate all of 

the subsequent calculations. x /i +i,^ 

As an independent check on the numerical value of A the 

diagram (Fig. 4) has been prepared with explanatory notes, 

such as to favor a rapid estimate through the use of a 

straight edge set in two consecutive positions. The positions 

of the straight edge conforra to the fundamental items r, t, s, 

^^These are constant for any given combination of motor and 
wheel, irrespective of the nature of mill loads to which they may 

be subject. 


Analysis of Elementary Loads Shown as Type I and Type II, 

Assuming Rigid Roll Connections 

The energy diagram (Figs. 2 and 3) for the pass is area 0 ^ ^ ^ 
of which 0 A 5 F is the portion representing the friction load 
due to light running of the mill. The tangential force F due to 
motor, never goes below To corresponding to the above friction 

load. 


Area KN C D E represents energy from the wheel for Type I 

load and to the wheel for Type II load. 

Area 0 F K N C A represents energy from the motor. 

Area B C N' F' M represents energy from the motor to the 

wheel during the interval between passes. 

Area A B M G represents energy due to friction load during 

the interval between passes. 


Notation. All forces, velocities, lengths, and times are supposed 
to be reduced to the action at the extremity of the radius of one 
foot at the motor shaft. 
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K = Ratio of radius of gyration to unity for the wheel and 
rotating part of the motor combined. 

M == Combined mass of the wheel and rotor. 

L == Length of feet corresponding to the pass. 

I = Length in feet corresponding to the interval. 

= Time in seconds to complete the pass. 

^2 = Time in seconds to cover the interval. 

= Velocity corresponding to synchronous speed, ft. per sec. 
Vq — Velocity at friction load, ft. per'sec. 

= Velocity at the end of the pass, ft. per sec. 

Vq = Velocity corresponding to the initial force T/. 
y == Velocity at any intermediate distance 5 and time t. 

T = Tangential force at any instant t and distance 5 , pounds 
Tq = Tangential force corresponding to friction load, pounds. 
To' = Tangential force at start of the pass, pounds. 

Tj = Tangential force at end of the pass, potmds. 

Tj = Tangential force at beginning of the interval, pounds. 

Tj' = Tangential force at end of the interval, pounds. 

T 3 = Tangential force due to the roll train resistance, pounds. 

Type L Relations for the Pass. From the general assumption 
that the decrease of velocity of the rojtor, i.e., the “ slip ” is 
proportional to the tangential force at unit radius, we have 

T '.TqWVs — V \ Vs — Vq 


or 


from this 



dT _ Tq ^ £_s_ 

dt Vs — Vq df 


( 2 ) 


The force acting on the roll train, due to the change of speed 
of the fly-wheel, acts in the same direction as the effort of the 

(P s 

motor T and has a value - M K? whence, 
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observing the value in (2) we obtain, 


dT To 

dt ^ MK- (vs- Vo) 



M {Vs - Vo) ' 



which will be written, 


ij^+AT-AT, 



The integrating factor of this is leading to, 


T = T^-Vc • .( 6 ) 

when if == 0, then T = T/ and c = Tq ~~ .(7) 

i-iiog, (^^) . ;.(8) 

The time for the pass is therefore, 

. 

which becomes infinite for 


In practical applications it is frequently convenient to employ 
the approximate value 


Returning to (1) and (3) we have, 



( 12 ) 
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d s 

Considering —y— as the variable we have, 

at 


d s 
d t 


T,. 


= Vs— (Vs-v^) • e 


• c At 


(13) 


when ^ = 0, then 


d s 
d t 


Vq' = Vs- 


^ (Vs - Wo) 
0 


and 


T — T ' 
c, = .— 


(14) 


d s _ Tj ^ ^ .. \ ^3 ~ 'd'o' .-At 

^ ^ — Ws ^ (Vs Wq) "1” (Vs Wq) ^ ’ £ 


T, 


(15) 


also 


b 


Y - Wo) J i — (wj - Wo) Y 


• e ^^ + €2 (16) 


T — T ' 

when if = 0, then 5 = 0, and C 2 — (Vs ^ 0 )* 


(17) 


Finally: 


[. 


T 

^ (Vs 

1 A 


V 


,) J -i + (Vs - Wo) (1 




Substituting the value of t from (8) in equation (18) 




T, 

T, 


(Vs - Wo)] + (Vs - Wo) 


(19) 


Length of pass 


L 




2 j 

r, 


(Vs—Va) 


log. 




Wo) 


T,-T‘ 


T. 


( 20 ) 
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Types I and II. Relations for the Interval Between Passes. 
At the point N' with A as origin, 

T-T,-MK^^ = 0 .( 21 ) 

cR s 

Substituting the value of from (2) 


pi +AT = AT, . (22) 

d t 

leading to, 

‘=^( 4 ^). 

and 

^ log* (rj _ a) 

Also from (1) and (21) 


Also from (1) and (21) 



Substituting the value of t from (23) 
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For particular values 



Type il. Relations for the Pass. Tbe force acting on the 
fly-wheel is the excess of effort of the motor T above the re- 

s 

sistance of the roll train Tg and has a value +M whence, 


dP' 9 

=0 


(30) 


The differential equations derivable from (1), (2) and (30) 
are identical in form with (22) and (25), subject to the same 
treatment in integration; thus have 



Similarly: 


d s 

d i 



(Vs - ^o) ■“ (“^^ - 






and 



• t + {Vs ^o) 
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Relation Between the Forces and Time Intervals for a 

Mill Cycle—Cyclical Action 

from ( 9 ) (1 -£"^'^0 . 

from ( 24 ) T/ = (l-£-'^^0+r2 • .( 38 ) 

= To (1 To" £- 40 ,+/,) ( 39 ) 

This may be transformed into 

Ts' • £A(h+/,) == 7^ _ 1) ,A/, 4. _ 1) 4_ 7 Y ( 40 ) 

For clearness of notation let 

a = A and b = A using a,, a2, etc., for the several passes, 
and b^, b^, ... bn for the successive intervals. 

Then, for the several passes, 

= To (.h » 1) (,a. _ 1) 4„ ^ 

2T2' • £«2+6a = T 0 - 1) £«. -f. .//;,, ^ 1) 

3T= T 0 (£^3 - 1) »|- 3 T, (S «3 - 1) -I- 37 J' 


n 


72 


.jT/ ■ e«»-i+ 6«-i = - 1 ) 

r/ ■ £“»+*» = r„ (£*« - 1 ) (£«» - 1 ) H-„r/ 


(41) 


I 


Bearing in mind that = „r/ and finally „7’/ = // 


for cyclical operation we have 

72Tg' — { 2 0 (sV — 1) 5a„4, — 1) } . £~(an+ht) 

“I" l)^"«"^d"n~iT.{(£<*«-i — 1) I • £”’(«%4* 

'A 

+ {L(®*’“~l)£““ + 57'5(e“3 — 1) j •£"(“«■^“«-i..ri-U3+i«+6„_,+...&j) 
+ !— 1)£°» + jT., (£“s — 1) } • 

+ ~ l)i°i+ ^Tg(e°l — 1)} ■ £~C-^i«>+-rii) 

+ iTo ■ s-C-Tia+^r*) 


1 * 0 


( 42 ) 
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n n 

Multiplying each side by and transposing 


we have 

n 


n n 

T/ - 1) 



I 




j — 1) • + nTs — 1) ! • 

^*2 71 “ 2 

+ {To(£^w-i — 1) • e^n~i-\-ri-i T 1) | • £(-S’iO+ 

71 “ 3 71 "* 3 

+ \ T^(s^n-^ — 1 ) • £“”- 2 + 7 i - 2 ^ 3 (®^"“ — 1 ) } ■ 

+. 

+ j ToCs^’a - 1) • £“3 + jTs (£“3 - 1) i ■ sCoi+^a+ii+ia) 

+ {r„ (£*’3 - 1) • - 1) ! • 

+ {r„ (£^ -1) s“'+ iT, (£“. -1)} 


K43) 


The above equations (40) to (43) inclusive, are general for 
type loads (I) and (II) with* any value of the time intervals in¬ 
cluding (equation 24) equal to zero. They, consequently, 
form the basis of calculating the starting force T for the first 
pass in a mill cycle; even for combination loads. 

Suppose £“ = 10. “ Then a logjo e = « 

But 

logio £ = 0.4343 
0.4343 a = a 


and we may write 

£a = 10.« = 10>4343a 

Hence, if we multiply each of the above exponents by 0.4343 and 
replace £ = 2.71828 by 10 we may employ the ordinary system 
of logarithms in the above calculations. This process may be 
completed once for all if we say, 

a = 0.4343-4 
b = 0.4343 At^ 

Thus leading to the following system of equations for calculating 
nT^' viz., 
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n 


n 


7 t -1 « “ 1 


r/ (io<- 1 ) = 

\T„ (10.— 1) • lO-^w + nJ^a (10-“« — 1) i • 10-(-> 

+ j7'o(10.''«-> - l)-10.“«-' + n-i7'3 (lO.""-’ - 1)! ■ 

+ {ro(io.''«-=-i)io-“»-=+«-3ra (io.“«-*-i)! • lo.^-" 




{T, (10-^-1) 10-^+37-3 D! • io-c'>.+«=-'-^- 

{To (10-^> — 1) • 10-“' + iT., (10'“> — 1) S 

The influence of the exponential terms is sueli that it. is 
unnecessary to employ more than the first three 
in the series for the calculation of the starting force (,. 


(44) 


terms 

17 (j )* 


Energy from the Motor 


From (1) 


d s 


( 


from (6) or (8) 


dt 


from (22) or (23) 


from (la) and 46 


T 

Vi ~ Ti^ {Vs — V 
1 0 


1 d I 

J ■ T;7r 7- 

1 d T 

7 f ■ To - T 


,.)) 


.(la) 


. .. (45) 


* * * • 


* 4 » » 


1 


. r T /I 

(I 5 = ~ I Vs — jr J * T 


The energy from the motor during the pass in foot pounds is, 


L 


r d 5 


i *1 





7 


7 'd T 


V. 


“ ’''f J t;, ~ 7' 


0 


JL j 

A I 


[(- 


nj Z~.'^ 

s“ T/ 0 j q-r 

J. A 


J 0 


V: 



'p P 

T^ 11\ log« 

w , ^ 7-./-(7'«')‘ 

+ {Vs-Vg) - T)~-f' 
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Substituting the value of L from (20) 

L 

\Tds = T,L-j (r,-To') ^vs- 


T,+T,' 

2r„ 


(50) 


Similarly, from (la), (46) and (29) we obtain: 

The energy from the motor during the interval in foot pounds 


* 1 r T "4“ "T 

T d s — TQI ^(^2 '^ 2 ') 2~1\ 


— {Vs - Wo) J (61) 


In view of the following statements equations (54) and (55) 


we may say: 


T ds = T,L 


MIC 


J, u/ (T, - T’) (60a) 


Tds = TJ + 


MK^ 


J, n/ (T, - r/)[l 


^2+^2 


-J,](61a) 


MK^ 


Tds+ Tds = T,L+To (To'-r/) : 




Note on the Value of the Constant A 


A = 


MK^(V: 


Vs + '^O 

^0 9 

^M^v} - ICvf) 


= ■4 ....(52) 


where ^ is a time in seconds. ^ 

Thus: 0 is time required for the force T „ acting with a me 

velocity to deliver the energy corresponding to that ab¬ 

sorbed by the wheel when the velocity is increased to i;., he., 


j M [K^vs^- K^vi^ = 


TJ 


..(63) 
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Assuming that the nature of roll train loads gives evidence of 
the maximum tangential force t which will be imposed on the 
motor, and that the corresponding velocity is then equation 
(1) gives 

«k 

X ; r„ :: Vs —'.Vs — v^ 






{Vs — Vs) 




where At is the maximum allowable slip in per cent of syn¬ 
chronous speed corresponding to the maximum force x whence 
from (52) and (64) 



T 

Wk^~K^s 


( 66 ) 


While the commercially advisable slip for a given equipment 
of power plant motors and transmission lines is always a local 
problem, it seems to be the evidence of recent large installations 
that At lies in value between 0.08 and 0.12 and may be accepted 
in preliminary designs at At = 0.10 whence 


10 r 

MK^ Vs 


A = 


( 66 ) 
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scussiON ON ^^ Interaction of Flywheels and Motors 

\^/riEN ORiviNCjr Ixor^iy 1 rains by Induction IMotors Tee- 
FERSON N. H., June 29, 1910. 

C. P. Stcinmctz, I his ])ci])Gr of IMr. Gcischo I considGr a, very 
valual)k‘ a,nd inriiortant addition to the records of our Institute 
dealing as it does with an extremely important probletn S 
motoi d] )|)li( ation, an a|)])licationj indeed, which I believe rep- 

icscnts the most scveie service to which electric motors have 
ever been applied. 

When we speak of intermittent load or fluctuating load 
usually we inimediately think of railway loads. We rea¬ 
lize that the load rnathematically discussed in this paper, 
the roll train, is a load in which the fluctuation is vastly more 
rapid and more violent than in any railway train. I understand 
tliat under certain conditions tlie change from-friction load to 
maximum load, and return to friction load, occurs within less 
tlian one revolution of the driving motor. The system which 
is dealt with in the ])a])er is a system of a power consuming 
d(‘vicc‘, tlie roll train, in winch ])ower is consumed at a verv 
fluctiuiting ra,te, Imt with fluctuations which are fairly definite 
in th(‘ir nataire, a jiowca* su| )])ly at a rate by which speed and power 
ane related to each other in the well known manner of the induc¬ 
tion motor, and the energy storing device, the flywheel. Here 
we have cluingys in tlie c'ondition of the system at such a rate 
tliat never during tlic^ o|)eration do the conditions, in regard to 
Sliced and torcjue ol iJie motor liecome constant, that is, the 
|)hen()iTK‘iion witli whicli we have to deal here is not that of 
stationary ojieration Imt^ is a transient operation, and again 
here we are in tlie fledd of tra,nsient phenomena, and if we look 
at tlu‘ equations we will recognize immediately the transient 
ftinc'ticin as cliaracterizing the inter-relation of phenomena. 
Now, transient,s liave one cliaracteristic, that is, the relation 
of the (dements to the system are not determined by their 
constants aloncg Imt. are also determined and dependent on the 
(Ainditions of tlK‘ system at the starting moment and at the 
end of tlie transition, tluit is, the so-called terminal conditions 
entiW into the funeddon riiathematically as integration constants. 

Now, W(‘ liave two dilTerent forms into which the terminal 
(conditions enter, either as independent and fixed conditions, 
or as redations connecting the conditions of the system, at the 
starting monicTit and at the finishing moment of the cycle. 
For instance, if an (decdnical circuit is changed by a switch, you 
have given tlie iirevious condition and you have given the 
final condition, between these two the transient completes 
its coursco A second case is where the terminal condition is 
related to the starting condition, usually identical therewith, 
tliat means where the transient condition recurs as recurrent 
transient iihenomcnon. Recurrent transients, as you know 
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are used in the electrical industry to a large extent for circuit 
control—in the circuit control which cuts resistance in and out 
of the motor field periodically. Such recurrent transients are 
the arcing grounds which we have on our transmission lines, 
etc. 

The recurrent transient which Mr. Gasche treats of so in¬ 
terestingly in this paper is a very much more complex one. The 
cycle completes, not after two or three steps, as we usually find, 
but after a very great number of steps, during the passing 
of the roll train, each being characterized by a rapid change, 
from friction load to maximum load and back to friction load, 
next passing from friction load to maximum load, possibly 
smaller or longer duration than the previous one, back again to 
friction load, and so on, until finally the cycle closes itself by 
the last terminal condition coinciding with the first starting 
point. 

This is extremely interesting, and as we all realize, it is a very 
important problem which is here dealt with. Interesting and 
important also the subject is, as pointed out by Mr. Gasche in 
his opening remarks, in another respect—by the nature of the 
load. The loads here consist of the action of forces within 
that range from which scientists and theoretical investigators 
usually keep carefully away, while industrially it is the range 
of greatest importance, that is, the range beyond the elastic 
limit, where the action of the forces has become irreversible. 
We have already spent some time at this convention in studying 
the range of electric forces at those voltages where the action 
has become irreversible, where we are beyond the elastic limit 
of the action of electric field. 

Here you have the condition before you when you deal with 
mechanical forces acting beyond the elastic limit. 

We cannot expect too much at once, but I hope you will join 
with me in expressing the wish that Mr. Gasche may find it 
possible very soon to complete this valuable information by 
giving us what is referred to, how to calculate that maximum 
load by the use of suitable formula and physical constants.' 
It is a field which is of extreme importance, not only in the range 
of mechanical forces, but also in the range of electrical forces, 
and all other forces, because here we get information on the 
nature of the forces, where you are beyond the elastic limit, 
and it is in this field which is being opened up at present, and 
up to the door of which the present paper leads and, as we hope, 
the next paper of' Mr. Gasche will lead us beyond the door 
into the field of that development. 

Charles F. Scott: We are always interested to see electricity 
do big things and new things—our interest in connection with 
the steel mill has been to see the motor take the place of the 
engine, the engine which has been capable of quick reversing 
and handling enormous instantaneous loads. The thing which 
struck me particularly, as Mr. Gasche was giving the introduc- 
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tion to his ])apcr, and indicating some of the conditions which 
he has to meet, were tlie features which lead away from what 

has been done I before-.die was not simply replacing the engine, 

which used to do something iionderous and impressive, but 
he was going into an entirely clifTercnt field and doing something 
which had not lieen done l)eforc, and something which could not 
be done before. 

The little eU'ctric' motor wliich only a dozen years ago was 
an average strecd, railway motor of 25 or 50 h.p., doing some 
auxiliary fea,tures iibout tlie mill and was looked on as a kind 
of toy, entirely insignificant corniiared with the main operations 
of the little motor has grown until it lias become the 

central feature of tlie steel industry. Take the power plant— 
that lias changed, wt^ have a new kind of prime mover, one which 
is not at all adapted to steel mill work, a gas engine, which is 
a great liig, slow ^ moving, constant running, non-overload 
machine, just the kind of thing that is not fitted for the inter¬ 
mittent S])eed and power requirements of steel mills. 

doing to the otlier extreme, the requirements in the way of 
rolls and fjerformaiiec' areq as Mr. Gasche points out, simply 
enormous in the o|)(‘rations of a steel mill; they have never 
been nH‘t l)efc)rt*, and in lietween this otherwise helpless, big, 
gas engine and tliese t-rcmicuidous requirements in the rolls, 
comes tlie el(*c‘tri(‘ system with the motor, and with one of the 
sini|)k‘St kinds of mot.ors, tlu* induction motor. The alternating 
current geru'rator and tlie induction motor, the simplest types 
of genc'rator and motor, come in to perform this marvelous 
servi(‘e wliich is nn'olutionizing the whole steel business. 

ddie |)ower iirolikun is, as Dr. Steinmetz pointed out, one of 
most sevt*ri‘ [irolikuns which a|)pears in mechanical work, 
one semse tlie iiroliknn is of a very elementary kind, in that 
^ not go into tlu‘ unknt>wn a,nd involve mysterious features 
such tis some of tlu'se chectrieal discussions that we have had 
todriy, involving ions, gasc‘s, ainl one thing and another, but 
in the ixitlier long talile of tlie symbols which enter into the 
formula'we havi' simply those wliich re])resent the most elemen¬ 
tal matters in mechanics, 'riierc' is mass, and length, and time, 
tlK' fundanu'ntal units, anrl tlien tliere is a little more eom|)lexity 
in the case of vc'locity, etc., and tlic' [irolilem is simply, we may 
say, tJu' eleiTK'ntary meclianical iirotilem of suiijilying the iiro- 
|)er c'onstants ami working out tJie mechanical elements, which 
in turn will give tlu' motor re<|uirerm‘nts, the speed and torque, 
or taugeuiiaJ forc’es to bt' develo|,Kai by the motor. It is by this 
kind of languagi' lliat tin.' rtx'iuirc'nKmis of service can be gotten 
into tlie iiorni'iiclaturi* of the motor, which is sinifily torque and 




To reail a. |)a|H'*r and hc'ar i‘X|:)lanations of these new large 
forct'S and reciuirements is impressive, but it is still more im- 
liressive to st‘t‘ tire thing iist'lf. In looking at the reversing 
motors in tlie South Chicago works of the Illionois Steel Com- 
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pany some time ago, I was very much impressed m standing 
and looking at the motor and its great big^ arniature, soiric? 
five feet in diameter, revolving rapidly in one direction, and therx 
easily and quietly and quickly reversing and running m ttie 
other direction, and oscillating back and forth under the con¬ 
trol of the little hand lever of the distant operator; and yet 
that motor and those rolls can reverse, from 4800 kw. in orne 
direction to the same amount in the other direction, in si3C 
seconds—and the motor-generator set which supplies the 
for variations of that kind, for the loads thrown on and ott 
as the ingot comes in and out of the rolls, is such that the powon* 
that is taken from the generator is practically constant withxrx 
a variation of 25 or 30 per cent. These enorinous powers, 
the ease with which these sudden changes take place, and 
the practical constancy on the circuit, are something to observ^^ 
and cause a new wonder and admiration for what electriciry 

has accomplished. ... ^ 

Gano Dunn: Mr. Gasche’s work may be regarded in oxxo 

respect as looking toward the development of a substitute tor 
the storage battery. A few years ago there was brought otrr, 
the value of batteries floating on the line to serve as reservoirs 
of power and ,to absorb fluctuations. Such batteries enabloo 
large, reductions in plant capacity and in line, and enableo. 
o^reat improvements in regulation. Storage batteries, how^ 
ever, are not adapted to the excessively severe service and 
difficult environment of steel mills for the reason, as Mr. Edison 
more emphatically than is here‘permitted, used to put it, th.nl3 

they are wet. . i i 

While it is true that we have been familiar with the capacity 

of a flywheel for storing energy, we have never in the pa.s'fc 

made such general use of this property as has been recently 

made in steel mills in Europe and in this country. W e have nil 

known that a flywheel running at a constant speed can nevoi 

deliver or absorb power and that it is only when we slow it 

down that we can uncover and make it give up the energy 

stored in it. "We have also known the law of the rate at whioli 

it gives up its energy or absorbs it, but it has been left for 

Gasche to develop and analyze this law when the flywheel is 

electrically tied to a motor on the one hand, and rolling mill 

work on the other. 

With Mr. Gasche’s formulas we have spread out before ixs, 
all the . necessary relations between motor, wheel and woir'k:, 
that we need to know in making use of the flywheel as a. 
reservoir of energy and as a mechanical substitute for tlxo 

electrical storage battery. _ ^ 

In sympathy with the paper, I criticize the statement It 

will be shown in what follows, that on the assumption of perfectly 
rigid roll train connections and a rotor without any ineirtiaL 
effect (if such were possible), the induction motor is physically 
incapable of assuming any roll train load above the friction 
load that by some means may have been imposed on the motox*. ’ ’ 
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I cannot agree with this. Up to the limit of its break-down 
torque the motor would accept load even if its rotor had no 
inertia, and I see no characteristic in the load that would be 
imposed by the entering of an ingot, that would introduce 
new conditions that would alter this fact. 

The paper also says, On the larger sizes of roll trains the 
shock imposed on the rolls and connections due to the action 
of a powerful motor of small slip, would prove such a destruc¬ 
tive agent that the experience would be at least a costly one. 
The nature of the shock arising at the motor shaft can be un¬ 
derstood from the following study of the characteristics of a roll 

pUvSS.’^ 

The shock on the shaft of a big induction motor with vSmall 
slip can be no greater than the shock on the shaft of the same 
motor when it has been equipped with a flywheel. The con¬ 
clusion may ^ follow from the formulas, but the formulas are 
good only within the scope of their terms, and the ideal case 
of a rotor with no inertia is probably not properly represented 
in this case, by the terms. 

How much ])ower to take out of a given wheel or how much 
ot a wheel to install for a given power involves a nice considera¬ 
tion of first cost on one hand and annual charges on 
the other. The kc^y to the problem is the percentage of slow¬ 
down. 


For moderate slow-downs the energy a wheel will deliver is 
api)roximately i)roi)ortional to twice the slow-down, while the 
energy wasted by the rotor of the induction motor driving it 
is roughly proportional to three times the slow-down. 

With fixed slip resistance large slips or slow-downs, while 
involving cheap wheels, mean low efticiencies; and low efficiencies 
must be charged not only with the power wasted, but with 
their proportion of the increase in first cost of the plant to sup¬ 
ply them. My experience has been that it is really cheaper 
to put in what at first looks like an expensive wheel and run it 
at small slip, even where power is cheap. This is dictated by 
reasons not only of economy but of effective operation, since 
regulation problems are sim 4 )ler with small slips and overloads 
are less disturbing. 

Where the flywheel installation absorbs a small proportion 
of the total output of the power plant of a mill, gradient of 
load change is of more importance than percentage of fluctuation 
between maximum, and minimum load. For usual mill condi¬ 
tions, which involve relativdy long waits between slabs or in¬ 
gots compared to ^ the waits l:)etween the passes of a given slab 
<,)r ingot, what might be termed the maximum average power 
consumption is bound to occur almost no matter how big a 


Even an enormously large flywheel will not continue to ab¬ 
sorb power during the whole of the relatively long waits be¬ 
tween slabs or ingots, nor will it deliver stored power during 
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the whole of the relatively long time required for the succession 
of passes of any given slab or ingot. Consequently the main 
power plant must be installed to supx3ly the maximum average 
power required by the work. 

The flywheel’s duty is to prevent fluctuations from this 
maximum average rather than from the datum line of zero 
power and if this view is taken, a moderate flywheel outfit, 
without attempting to smooth out the fluctuations that occur 
between successive slabs or ingots, will very satisfactorily 
smooth out the fluctuations occuring between the passes of 
a given slab or ingot. 

In designing such moderate flywheels the gradient of the fluc¬ 
tuation rather than its absolute amount is the feature to which 
attention should be given. It is too sharp a gradient that 
causes noticeable change in the brilliancy of lamps. It is too 
sharp a gradient that causes synchronous apparatus in the neigh¬ 
borhood to drop out of step. It is too sharp a gradient that 
upsets the stability of governors in the power house and it 
is too sharp a gradient that prevents a happy and comfortable 
adjustment of all the apparatus in the mill to such rises and falls 
of potential as will occur in the everyday working of a steel mill. 

If ^the gradient is properly taken care of, relatively large fluc¬ 
tuations of power may be permitted and in the ordinary large 
mill, where there are a number of fluctuating loads, these loads 
will be found to pool their demand for power so that the fluctua¬ 
tion from the power plant will be surprisingly small. 

Where there is opportunity for pooling, it is a useless invest¬ 
ment to install flywheels larger than just enough to,prevent 
wide departures from the maximum average rolling load. 

Selby Haar: Mr Gasche’s paper is of great value at the pre¬ 
sent time, because it deals with a subject on which there are 
practically no data on record, so that all engineering recom¬ 
mendations on driving motors must be based on laborious 
calculation.^ For this reason, any conception which gives one 
a broader view of the problem is welcome. 

The author has assumed that the torque of the motor is pro¬ 
portional to its slip. The same assumption underlies Mr. H. 
C. Specht’s paper which was read at the Frontenac meeting. 
This does not affect the nature of the conclusions which have 
been drawn, and is an almost necessary simplification, but 
since the torque of an induction motor is not exactly proportional 
to the slip the variation must frequently be considered, especially 
if the maximum reduction in speed is specified. The writer 
has selected a set of conditions and drawn the torque curves 
to show this. 

In Fig. 1, the full line shows the actual torque curve of a motor 
designed^ to give twice full load torque at 15 per cent slip; the 
dotted line represents a curve with the same slip at light load 
as the full line, while the dot and dash line is drawn so as to 
show the same torque at 15 per cent slip as the full line. 
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Fig. 2 shows the distribution of the duty between motor and 
flywheel corresponding to each of the torque curves. The 
full line curve was calculated by a method which will be des¬ 
cribed later, but equations 8 and 23 were used for the other 
two. Attention is called to the shape of the full line curve 
for the interval between passes. This is due to the departure 
of the torque curve from a straight line. 

The method of calculation to which reference has been made 
was developed for rapid work without the aid of any tools but 
a slide rule after the torque curve is drawn. The theoretical 
basis is as follows; 

Ts is the total torque to be delivered. 

Ta is the motor torque at the time ta. 

Tb the torque at the time tb. 
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From the torque curve we get (Tq as the slip corresponding to 
Ta and corresponding to Tb. This gives a difference in speed 
of (1 — uft) — (1 — Ua) Vs, and an average acceleration (or re¬ 
tardation) of —^ flywheel torque is 


Then 


M K^ z;. 


Ta-]-Tb 


Tz -- M IP 


{(yh- Og) Vj 
tb ” ig 


for the pass, 
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and 


ih ia 


{Oh - ^) Vs M 

rj^ Ta^Th 

is— - 


Assuming constant intervals for (7^- a a, say one per cent, we 
obtain th—ta directly. These times need only be summed 



SECONDS 


Fig. 2 


until the pass is completed. The modification of the formula for 
the interval between passes is obvious. The attached tabulation 
shows the method of carrying out the work. 

Another point in this connection: The area A, B, C, D, A 
in Fig. 2 represents the decrease in momentum of the fiywheel. 


Pass. 


Slip 

'^a 

n 

T'a'P Tl} 

T 

ih " ia 

Elapsed 

time 

2 

2 

0.0055-0.01 

15000 

26500 

20800 

394200 

0.042 

0.042 

0.01 -0.02 

26500 

53500 

40000 

375000 

0.098 

0.140 

0.02 -0.03 

53500 

78500 

66000 

349000 

0.105 

0.245 

0.03 -0.04 

78500 

104000 

91200 

323750 

0.113 

0.358 


etc. 


This can be separated into various factors of mass and speed drop 
until satisfactory division is obtained. It can be used as a check 
on the other method, or if the point D is fixed and the curve 
A D drawn in by estimation, the flywheel effect required can be 
determined directly. 
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W. W. Crawford (by letter): In discussing Mr. Gasche’s 
paper, it is my purpose to call attention to some of the physical 
aspects of the interactions covered by his equations, to introduce 
a short-cut method for deriving the behavior of the apparatus 
under repeated cyclical loads from its behavior during the first 
cycle, and to extend the method to cases where regulating devices 
are used to control the torque of the motor. 

The motor operates at constant speed under a constant friction 
torque until the first bloom reaches the rolls. This applies a 
sudden, but uniform, load. The motor then approaches a new 
condition of steady running, which, if the time required for the 
pass were sufficiently long, the motor would eventually reach. 
The approach to steady running is retarded by the inertia of the 
flywheel. The rapidity of the approach is less, the heavier the 
flywheel, and the greater the necessary increase in slip before the 
motor will take up the entire torque. 

Mr. Gasche’s equation 8 shows that the motor torque follows 
a logarithmic curve which approaches asymptotically to a line 
representing the uniform load applied. This equation may be 
put in the following form: 

T 

Log jr = 

where T' = initial unbalanced torque acting to change the 

velocity of the flywheel. , 

T = unbalanced torque at a later instant. 
t = time interval. 

^ = a constant inversely proportional to the amount of 
inertia of the flywheel, and inversely proportional 
to the amount of slip for a given load. 

When the load is removed, the motor is developing a torque 
in excess of the friction load, and the difference is an unbalanced 
torque accelerating the flywheel. The law of torque variation is 
the same (see equation 24) as before, when T' and T are taken 
to represent the unbalanced torques. 

Therefore the calculation of any cycle resolves itself into con¬ 
sidering the unbalanced torque at the beginning of each element 
of the cycle, computing from it the final unbalanced torque by 
means of the formula, and combining this with the rolling torques 
to obtain the motor torques. The same formula is used in 
each element since A is constant throughout. 

T 

A table of values of the ratio corresponding to the different 

time intervals can be made up for a given set of rolls, and the 
same table will apply for the calculation of any combination of 
loads to which the apparatus may be subjected. 

Calculation by the above method requires that the conditions 
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at some point, say the beginning of the cycle, are known.^ Where 
the mill operation is continuous, conditions at the beginning of 
a given cycle are not known, being dependent^ on the previous 
cycle. The results of continuous operation might be obtained 
by figuring through cycle after cycle till a uniform condition 
is reached, in fact, after the first cycle practically uniform con¬ 
ditions will have been reached in most cases, ihe rigorously 
correct method given below is however just as simple. 

In Fig. 1, the solid and dotted curves apply to the first cycle 
and a cycle of continuous operation respectively. 

Then Q P = initial motor torque in addition to friction torque, 

in a cycle of continuous action, 

Q' P' = final motor torque in addition to friction torque 

in the first cycle. 

(y P^ is known from the computations on the first cycle. 

Q P bears a simple relation to it and is computed as follows. 



It may be easily shown that the difference between the solid 
and dotted curves is represented by a continuous logarithmic 
curve whose equation is 

\ = At 

Let for a whole cycle = x 
h 

■r., -n. Q P 

Then P' P" = 


Hence 


now Q P = Q' P" 
QP = Q' P'+P' P" 





X 


or,QP. 0'P' (^i) 
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That ivS, to compute the correction to the initial motor torque, 
multiply the difference in motor torque at the beginning and end 


of the first cycle by the ratio 


X 


X - 1 


2re log: x 


A 


tc being the time for a whole cycle. 

In cases where regulating devices are used to increase the slip 
when a given load is exceeded, we have to deal with sudden 
changes in the constant A, Refening to Fig. 2, when a certain 
load represented by the point P is reached, the regulating device 
acts. Due to its time element the introduction of resistance 
is delayed to the point P' after which a larger value A' of the 
constant prevails. The total motor torque is instantaneously re-, 

duced in the ratio == Tlic torque then increases along 

a second curve C E with a much slower rise, due to the greater 
change in S[)ced before a given change in torque takes place. 

In coTn])uting the constant A. (formula 55) the torques bein 
ordinarily expressed in ])ound feet and M K- being expressed i 


y 

■n 

in 



Fig. 2 


|)Qunds (it one foot radius, it. is advisalde to introduce the factor 
C (=■' 32.IG) directly in the formula. 

In the very (‘onvimient diagram given by Mr. Oasche for com- 
|)uting /I, M is ex])rc‘ssed in the “ gravitational unit of mass 
which is e(|ual to 32. IG ])ounds. 

F. G. Gasche: I might give the assuraiK'c tliat the formuhe 
have lieen subjec’ti'd to numtnous a|)pli('ations and checked in 
many ways, sucdi tliat tlu.‘ engineer may use thorn with some 
eon filler! (an 

Several ymrrs ago, d,he U. S, Steel Corporation inaugurated 
thu eoristruetion of a, large |'.)lant involving many features with- 
our |:,}reeeden,t--'’"at least'in. the magnitude of the several installa¬ 
tions and tile im]')ortanee of the engineering problems. 

It was |)ro|;.)osed that,, simultaneously, there should Ire com¬ 
plete motor driving of the rolling mills and that current should 
be furnislred from a station involving a radical defrarture in 
the ty|,)a of prime mover. There is nothing incomiratilrle with 
these irropositions |.)rovi(led the variations of frequency due to the 
action of the prime mover are negligibly small; but considerable 
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variations introduce problems of great concern when the charac¬ 
ter of mill loads in the presence of a lowering voltage is under¬ 
stood. Should the prime movers be guilty of erratic control 
the safety and commercial efficiency of the entire equipment 
compels the use of flywheels and other safe guards. Many of 
these mill drives have been equipped with exceptionally large 
flywheels simply as a precautionary measure. This seeming 
extravagance has been attended by good fortune in the way of 
economies in the transmission of power and in the satisfactory 
service of the mill equipment. 

Another complication arose from the ambition td surpass all 
precedents in the amount and rate of displacement of the metal 
in many of the roll passes, thus increasing the loads which 
would ordinarily be imposed on the driving motor. Preceding 
any other consideration in the power transmission problem, it 
became necessary to explore in a way that unknown region of the 
properties of materials which may be called the plastic state. 

We have elaborately evolved mathematical theories of elas¬ 
ticity, and the statement of the laws applying to the region of 
'' perfect elasticity 'b Similarly, we have access to the theoretical 
hydro-mechanics, involving the assumption of ''perfect mobility” 
or freedom from internal resistances. There remains to be 
investigated the " plastic region ” promising to exact the best 
efforts of the physicist and mathematician before the subject 
is thoroughly understood and placed in the form most suitable 
for engineering purposes. In lieu of such assistance it becomes 
necessary not only to exterpolate with reference to our experi¬ 
mental data concerning roll train resistances, but also to in¬ 
vestigate the ''plastic region” at least, empirically, before we 
were in a postion to give the electrical designer the necessary 
load conditions within reasonable limits of error. 

Possibly, a preliminary statement of the methods by which 
these roll-train resistances are estimated could have preceded 
the subject of the paper, but a subsequent statement of the 
case for the purpose of the Institute, if it is of sufficient interest 
will not suffer if suitable time is allotted to its preparation. 

With regard to Mr. Dunn's observation concerning a state¬ 
ment in the paper, this is simply an interpretation of the for- 
bearing in mind the value of the constant A containing 
MK- in the numerator. A zero value of MK' makes 5 equal 
to zero, or the motor does not assume the load due to the pass. 

It is well within the possibilities that there is enough elasticity 
of the roll train connections in many cases to give an " approach ” 
load-condition as defined for Fig. 1. The allowance for such 
gradual assurnption of the load would complicate the analyses be¬ 
yond all requirements of practical applications unless the bar is 
actually a tapered ingot with little or no "draft” at the start 
of, the pass. In this case, however, the statement to which 

does not apply when certain critical " torque- 
slip relations of the motor have been established. 



A paper presented at the 27th Annual Con¬ 
vention of the American Institute of Electrical En¬ 
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THE DESIGN OF THE ELECTRIC LOCOMOTIVE 

BY N. W. STORER AND G. M. EATON 


The features to be embodied in an ideal electric locomotive 
depend entirely on the point of view. Any electric locomotive, 
however, must contain certain essential features. 

First. Mechanical parts of strength sufficient for the required 
service; 

Second. Motors of capacity sufficient to develop the required 
power; 

Third. A reliable transmission system between the motors 
and driving wheels; 

Fourth. Weight on driving wheels sufficient for adhesion; 

Fifth. A complete control system; 

Sixth. Riding qualities enabling the locomotive to negotiate 
the rails wdthout undue damage. 

More or less closely associated with these essentials there is 
an endless variety of detail concerning which no two men will 
hold identical opinions. 

The electric locomotive designer must act as a clearing house 
for the opinions and ideals of all the men associated with rail¬ 
road electrification. To prepare himself for this position, he 
must view the locomotive through the eyes of men connected 
with every branch of the service. 

Locomotive Ideals. The man who is responsible for hauling 
trains on schedule time sees a perspective that does not include 
first cost, weight, or mechanical or electrical efficiency, as those 
terms are generally understood. He sees in the electric locomotive 
only a means for keeping his trains moving, and on schedule 
time. His conception of efficiency is represented by the number 
of trips made on schedule time, divided by the total number 
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of trips. He has had long, hard experience with steam loco¬ 
motives, and is acquainted with their good and bad points. 
He accepts an electric locomotive only as a last resort, 
and then recommends the incorporation of as man}^ as possi¬ 
ble of the features of his successful steam locomotives. This on 
the face of it is a wise plan, but it should be remembered that a 
locomotive may be successful because of a given detail or it may be 
successful notwithstanding that particular leature. Again, a cer¬ 
tain feature may be successful because of interrelation with other 
features, and a new design of locomotive must be carefully 
analyzed to see that an old and proven device will have the en¬ 
vironment necessary for its best success. Too m\ich emphasis 
cannot be laid on this point, as the differences in principle be¬ 
tween steam and electric locomotives are not abvays easily 
recognizable. This point is well illustrated by fundamental diff¬ 
erences in the application of cranks and connecting rods on steam 
and electric locomotives, which will be discussed in detail late.r. 

The eyes of the motive power man see much the same features 
as those of the operating man, but his eyes magnify details of 
design in a greater degree. Both will wish to incorporate as many 
standard parts as can be used, and they will insist on the strength 
of all parts being ample to withstand every phase of the service 
such as bumping, speeding, overhauling, etc. They will be in¬ 
terested in the machine involving low maintenance charges, but 
in this respect they will not fully foresee the effect of the various 
mechanical features upon the electrical equipment, and they are 
liable to insist on the adoption of mechanical details, which of 
themselves have a low cost of maintenance, and yet at the same 
time will involve an excessive cost for the maintenance of the 
electrical equipment. Their ideal locomotive will operate 
safely at high speed, in either direction. It will be able to make 
up a reasonable amount of lost time, and will always be ready 
for service. It will not require long lay-overs, and will be in the 
shop the least possible time. They would like if possible a 
single type of locomotive which would perform any service that 
might be required of it, from making up and hauling a 2,500-ton 
freight train to making a high speed run with a “limited.” 

The amount of power consumed and the excessive weight 
involved in an interchangeable locomotive of this type are 
a matter of little importance to them, so long as the loco¬ 
motive is strong enough to stand every phase of the service, 
and does not call forth protests from the maintenance-of-way 
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department and bridge engineers. They know that such protests 
will certainly be forthcoming if damage to track and bridges is 
greater than that attendant upon the operation of the accepted 
types of steam locomotives. 

Up to within a short time it has been the accepted idea that 
an electric locomotive would have riding qualities greatly supe¬ 
rior to those of the steam locomotive, and that it would cause 
much less track destruction, due to the perfect balance and the 
absence of reciprocating parts. Recent experience has demon¬ 
strated that these features in themselves are not sufficient to 
produce a good tracking locomotive, and it is now generally 
recognized that the proportioning of an electric locomotive which 
will have ideal riding qualities is one of the most serious problems 
today confronting the -designer. 

The ideal locomotive of the general manager or president 
of the railroad is one that will meet as nearly as possible the 
ideals of his subordinates, and in addition will be a part of that 
system which will give the most reliable service, consistent with 
a reasonable cost of operation: or, in other words, will earn the 
largest dividends on the investment. The cost of the locomotive 
will appeal most strongly to him. 

It is popularly supposed that the ideals of the electrical engi¬ 
neer concerning electric locomotives embrace only the elec¬ 
trical details of the locomotive, such as motor design, efficiency, 
temperature, and the control and collecting system, but this is 
a mistake at the present time, whatever it may have been in the 
past. It is necessary for him to have the broadest possible 
ideal. It is his duty in connection with steam locomotive de¬ 
signers to select that combination of details which will be the 
best compromise of the ideals of all railway people. It must be 
recognized that every complete design is a compromise, as much 
so in locomotives as in other machinery, and as long as the ideals 
of the different departments are conflicting it is certain that an 
ideal locomotive, from all points of view, will never be secured. 

Locomotive Problems 

Transmission. At first sight it appears to be a very simple 
problem to transmit the power from rotating armatures to ro¬ 
tating wheels. This, however, is not the case, there being more 
or less serious objections and limitations to every type of trans¬ 
mission that has been proposed. Many of the types give ex¬ 
cellent service when used in their proper places, but the fact 



1418 


STOKER AND EATON: 


[July 1 


remains that for high speeds and also for maximum powers, 
the problem of transmission is one of the most serious among 
the mechanical problems confronting the designer. 

It will be helpful to classify the various types of transmission. 
Some of the objections and limitations of these types will be 
discussed later: 

a. Gearless motor with armature pressed onto driving axle. 
“New York Central.” Fig. 1. 

h. Gearless motor with armature carried on a quill surround¬ 
ing axle, and driving the wheels through flexible connections. 
“ New Haven Passenger.” Fig. 2 

c. Geared motor with bearings directly on axle and with nose 



Fig. 1 



supported on spring borne parts of locomotive. “ St. Clair 
Tunnel.” Fig. 3. 

d. Geared motor with bearings on a quill surrounding axle, 
and (1) nose supported on spring borne parts of machine (New 
Haven Car Fig. 4) and (2) motor, rigidly bolted to spring-borne 
parts of machine, the quill having sufficient clearance for axle 
movements. “Four-motor New Haven Freight,” Irig. *5. 

e. Motor mounted rigidly on spring-borne parts, armature 
rotating at same rate as drivers, power transmitted to drivers 
through cranks, connecting rods and countershaft on level 
with driver axles. “Pennsylvania” Fig. 6. 

/. Motor mounting and transmission as in (e) but motor 
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fitted with double bearings one part for centering motor crank 
axle and the other for centering the. armature quill which sur¬ 
rounds and is flexibly connected to the motor crank axle. 
“ Two-motor New Haven Freight.” Fig. 7. 
g. Motors mounted on spring borne parts, armature rotating 




Fig 4 



at same rate as drivers, power transmitted to drivers through 
offset connecting rods and side rods. “ Latest Simplon loco¬ 
motives.” Fig. 8. 

h. Motors mounted on spring-borne parts, armature rotating 
at same rate as drivers, power transmitted to drivers through 
Scotch yokes and side rods. “ Valtellina Locomotives.” Fig. 9. 
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j. Motors mounted rigidly on spring-borne parts, power 
transmitted through gears to counter-shaft, thence to drivers 
through Scotch yokes and side rods. Fig. 10. 

Further classification of electric locomotives on the basis 
of framing and wheel arrangement is also of assistance in gain¬ 
ing a clear understanding of existing locomotives. 

a. Cab and framing an integral structure. All weight carried 
on drivers. Drivers contained in a single rigid wheel base. 

St. Clair Tunnel.’^ Fig. 11. 

b. Cab and truck framing separate structures, all weight 
carried on drivers. Drivers contained in two rigid wheel 
base trucks. Draw bar pull transmitted through center pins 



or through truck frames. '' Spokane & Inland Empire Ry. 
Co.^’ Fig. 14. R. R. 10001 and 10002.’^ 

c. Same as (b) but with added idle wheels for guiding and 
weight carrying. Modified New Flaven Passenger, and New 
Haven Freight.” Fig. 15. 

d. Any of the foregoing forms permanently coupled in pairs 
or articulated. Pennsylvania.” Fig. 16. 

6. Same as (^cC) but with added idle wheels for guiding and. 
weight carrying. '' Valtellina or New York Central.” Fig. 13. 

/. Cab and framing an integral structure. All weight carried 
on drivers. Driver wheel base partly rigid and partly flexible. 
''Simplon Tunnel.” Fig. 12. 
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Service Requirements. It has been stated that from an opera¬ 
ting standpoint it would be very desirable to have one loco¬ 



motive which would be capable of handling at the desired spee 1 
any train from the heaviest freight to the fastest limited. While 
such a locomotive can be built, it will be at a prohibitive cost. 


Fig. 
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It is commercially practicable to cover a considerable range of 
speed and weight of trailing load with one locomotive, and any 
passenger locomotive may be used to handle on its lower speeds 
freight trains within its capacity for tractive effort; but where 
the weights of trains to be handled and the speeds at which they 
operate vary as widely as they do on most trunk lines, an 
absolutely interchangeable locomotive is impracticable. This 
we believe will be shown in the discussion of the requirements 
for the various classes of service in the following pages. 

Switching Service. From the nature of this service the loco¬ 
motive operates to a great extent over curves and special 
work. This track construction is expensive and hard to maintain. 
The locomotive should therefore embody primarily in its design 
such features as will enable it to negotiate this kind of track 
with the least effort. We list the chief of such features in ap¬ 
proximately the order of their importance. 

(а) Short rigid wheel base. 

(б) Minimum dead weight per axle. 

{c) Minimum total weight per axle needed for adhesion. 

(d) Concentration of weight near midlength of locomotive, 

and short cab overhang. 

{e) Effective equalization perferably of the three point type. 

(/) Flexibility of framing under longitudinal twist to assist 
equalizing system. 

(g) High center of gravity. While this is of helpful tendency 
it is probably not worth the expenditure of much money or weight 
on account of the slow speed of operation. 

These features may all be summed up as those tending to 
produce a locomotive whose wheels may be deflected by the 
rails with the least attendant movement of the mass of the 
locomotive. 

Fig. 17 illustrates a four-wheel steam switcher of a standard 
type. Attention is called to the extreme overhang and con¬ 
sequent nosing characteristic. This overhang is practically 
inherent in a steam locomotive of minimum wheel base.’ 

Slow Freight Service. Most of the transcontinental railroads 
are to day limited in their carrying capacity by long mountain 
grade divisions. The present practice is to run the heaviest 
freight trains that can be operated over these divisions. This 
service is now handled by consolidation or mallet steam engines, 
which haul 2,000 to 2,500 ton trains at 8 to 10 miles per hour, 
and electric locomotives are expected to handle the same or 
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hea.vier trains at higher speeds to increase the capacity on the 
line. 

The latest developments in locomotive design indicate that the 
type of locomotive best suited for such service, with speeds 
of 12 to 15 miles per hour is one having a motor geared to each 
axle. The feature of prime importance in the design of these 
locomotives is the absence of weight in excess of that necessary 
for adhesion. Every ton of excess weight in the locomotive 
means a ton less trailing load. A slow-speed freight locomotive 
should be designed with all weight on the drivers. 

In the slow-speed service, the maximum allowable weight per 
axle should be used if the total weight of locomotive can be there¬ 
by reduced. A greater dead weight per axle can probably 



Fig. 10 


be tolerated than is wise in switching service, because being a 
road engine, a much less amount of special work will be negot¬ 
iated than in the case of a switch engine, and the damage to the 
track will not be excessive at the normal operating speeds. 

If, however, complete spring support of the motors can be 
achieved without excess total weight, and this can usually be 
done, then the decrease in maintenance charges should much 
more than offset the increased first cost attendant upon such 
spring support. 

There is a great (hfference of opinion among railway engineers 
both in regard to the total weight per axle and the amount of 


dead weight allowable, 
axle below 40,000 lb. 
that of wheels, axles ai 


Some would keep the t(3tal weight per 
and tlie amount of dead weight equal to 
■d journal boxes. Others do not hesitate 
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to put 60,000 lb. on a single pair of wheels with a dead load of 
15,000 to 18,000 lb. 

The intention here is not to attempt placing strict limits on 
axle loads, but to call attention to general tendencies, as each 
actual installation must be settled upon its owm merits, or in 
accordance with the practice on the particular line involved. 

The wheel base of the slow-freight engine should be as flexible 
as possible so as to curve easily and prevent flange wear, and should 
take switches and turnouts without undue stress on the track. 
No idle leading or trailing truck axles will be necessary. The 
remarks on high center of gravity, equalization, concentration 
of weight at midlength of engine and flexible framing apply 
almost equally on switching and slow freight services. 

Fast Freight Service. Some trunk lines have no heavy grades, 
and are able to operate their freight trains at speeds of 30 to 
40 miles per hour, or even higher. For such roads a locomotive 
adapted to cover a range of speed from 30 to 60 miles per hour 

is well suited to handle both 
freight and all but the highest 
speed passenger trains. 

Two points of departure 
from switching requirements 
are worthy of particular at- 
Fig. 11 tention when the speed runs 

as high as 50 to 60 miles per 
hour. One is a requirement of service operation, and another 
is imposed by the design. These points are interesting in 
that service requirement and design limitation go hand in 
hand. First the speed makes it advisable to provide leading 
wheels _ of small size and light dead weight to assist in 
guiding and more particularly to iron the rails down gently to 
an actual bearing surface on the road bed and thus avoid the 
knock attendant on hammering the free rail dowm with the heavy 
drive wheel. Second, as the speed increases, either the tractive 
effort decreases with less weight required on drivers or the horse 
power demanded increases with attendant weight increase and 
the added wheels are necessary to avoid overloading the drive 
wheels. 

High Speed Passenger Service. The most important requisite 
of a locomotive designed to operate at 60 miles per hour and over 
is its ability to run at the highest speeds possible without injury 
to the track. All the track disturbances mentioned above, except 
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ill curves and special work, have been primarily in a vertical 
plane. When we consider speeds of 50 to 60 miles per hour, 
however, we are closely approaching the range where even on 
tangent track serious lateral disturbance is liable to occur. 
Extensive speed tests have shown that almost any kind of a 
machine will stay on the track at 40 miles per hour, without 
serious damage to tangent track. As the speeds increase above 
this figure, however, the bad riding qualities rapidly appear. 
The particular features following apply with more and more im- 
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Fig. 14 


portance as tlie speed increases so that we are led naturally to a 
(amsiderati()ii ot tlie higher spcual machines, liearing in mind 
again that no sharp dividing line exists and individual con¬ 
ditions must govern all concrtjte cases. 

There arc^ cert-ain features that tend to reduce tiie intensity 
of tlie lateral forct^s on the track. First of these, and a source of 


mucii recent comment, is *‘high center of gravity.’* The ac¬ 
ceptance of tins as a cardinal i)riru:i|)le of successful Iiigh s|a*eding, 
however, is not universal. Tlit‘ theory on whicli tJa‘ tadief 
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in the value of a high center of gravity is based is that the higher 
the mass of the locomotive is placed above the axles, the 
less will be its restraining influence against lateral motion 
on the part of the wheels. The mass of the locomotive may take 
the general direction of the track while the wheels follow all the 
little irregularities in its surface and alignment. 

Assume for instance, that a locomotive is running at high 
speed on tangent track and that some rail defect imposes sudden 
transverse movement upon the wheels. Under these conditions 
the mass of the wheels and axle and any other masses rigidly 
associated with them will deliver a shock approximating 
a hammer blow to the side of the rail head. Evidently there¬ 
fore these masses should be minimized unless it can be shown 




that their increase does not involve serious injury to the track 
and consequent danger in operation. 

The blow delivered by the spring borne parts of the locomotive 
is radically different from this in both low and high center of 
gravity machines. In the case of a locomotive whose center of 
gravity of spring borne parts is at the same height as the center 
of the transverse restraint, i.e,, about the center of the axle 
the transverse movement of the leading driver would impose 
a rotation of spring borne parts about avertical axis. Fig. 19. The 
lateral force to impose such a movement would be very great, due 
to the great moment of inertia about this axis. In the case of 
a locomotive whose center of gravity is high above the center 
of transverse restraint the movement imposed upon the spring- 
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borne inassevS by transverse movement of the leading driver is 
a composite of two rotations, viz., about a vertical axis and about 
a horizontal axis parallel to the rails. Fig. 20. As the moment 
of inertia about the latter axis is much less than that about the 
former it is evident tliat the lateral forces involved in the high 
center of gravity machine will be less. The forces opposing ro- 
tation about horizontal axis are provided by the semi-elliptic 
riding springs, which will transmit their resultants ultimately 
to the running face of the rail and will not aggravate flange pres¬ 
sures. Were it not for the dampening effect of the friction 
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of tile scaTii"elli|)tie springs and tlie detail friction of the mac9iiTU% 
tills rotation aliout a liorizont,al axis would be a simide luirmonic 
vibration. The jieriod and am|)1itude of this vibration would 
be functions of the charac'teristics of tlie semi-(‘lliptic springs 
and of tlie polar moment of inertia of the masses moved. 

Suppose for example that with the low center of gravi'^''^ 
locomotive first considered, some combination of later; 
were a|)])lied whieli would imjiose on the spring-liorru 
a viliration ;ibout tlie vertical axis of period and am|ilitude and 
damiiening action identical with that occurring on tlie high 
center of gravity machine. There being no rotation alioiit tlie 
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horizontal axis, the forces required to control the vibration would 
be greater than with the high center of gravity machine, because 
of greater moment of inertia about the vertical axis; and further, 
the transverse rail stresses would be greater because the reactions 
of the controlling forces are transverse. 

We can formulate an idea of the springs necessary for such 
transverse restraint by comparing them with the semi-elliptic 
riding springs which perform the dual function of supporting 
weight and resisting rotation about the horizontal axis. Prob¬ 
ably transverse springs as heavy and with as great amplitude 
of motion as these semi-elliptic riding springs would be none too 
powerful to perform the required service, and it should be noted 
that their friction is almost as important as their spring action. 

The foregoing discussion is predicated upon the assumption, 
that the spring borne masses are an integral unit; and it shows, 
from perhaps a new point of view, that the production of an 
ideal high-speed, low center of gravity engine of the type noted, 
while perhaps theoretically possible, is attended by serious if 
not insurmountable difficulties. 

Considering further this horizontal rotation of the spring- 

f 

borne masses of a locomotive with medium height of center 
gravity, we find that there is a zone that is neutral as regards 
transverse motion relative to the track. If in such a locomotive 
certain of the lower masses were hung from longitudinal trunnions 
located on the center line of the locomotive and in this neutral 
zone, it is evident that the rotation of the spring-borne masses 
would be more easily accomplished due to the lessening of the 
masses moved. Possibly gearless concentric motors could be 
hung in this way, in connection with a drive of sufficient flexi¬ 
bility to allow free wheel play. 

This is not a combination that could be recommended solely 
because of good riding qualities. It is, however, entirely pos¬ 
sible for such a machine to have sufficient attendant simplicity 
to make it a better compromise than an engine where sim¬ 
plicity and mechanical efficiency are directly sacrificed to secure 
high center of gravity. 

It may be mentioned that the New Haven locomotives have 
a motor mounting that approximates this condition. There 
is not as great amplitude of springs to allow unrestrained wheel 
play either vertically or laterally as might be desired, but there is 
enough to cushion all blows that the track receives from the mass 
of the motors, and the reports of track maintenance since the 
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addition of the leading wheels eliminated the nosing tendency, 
are very gratifying. 

Almost equally advantageous with the high center of gravity 
is the concentration of the mass of the locomotive about this 
center of gravity, both vertically and longitudinally. It is 
conceival)le that if tlie mass of tlie locomotive could be so concen¬ 
trated longitudinally about the center of gravity as to decrease 
radius of gyra;tion about the vertical axis to a value 
witliin the rigid wheel base, there would be no more 
serious lateral disturbance on the track with a low center 
of gravity machine tlian witli one having higher center of gravity 
but witli a muc‘h longer radius of gyration about the vertical 
axis. Every effort sliould, tlierefore, be made to locate the mass 
of the heavy parts of the locomotive as near tlie middle as possible. 
The action of a low center of gravity loconiotivc can be very 





mat.erially inviiroved liy locating tlie point of side restraint below 
the lcvi‘1 of tlie driving axles. Every incli that this point is 
lowered is (‘quivalent t-o raising tlie center of gravity of tlie spring- 
l)onie pai'ts by an ecjual amount. 

Wheel Sises, On a steam locomotive, large wlieels a.re con« 
red essential for liigli s|ieed service. Tlie primary reasons 
to minimize tlie 'W(‘ar and tear on parts sulijected to 
strc'sses, to maintain the piston s|)eed at a sa 
pirtq and to kecf) down the blow on the track due to the 
correct counterlialance. An advantage of large wheels in 
high S]:>et*d engim‘ lies in tlie attendant low surface of 

journal, and again in the long time elaiising between tire t.urnings. 
Tliere is also less distrc‘ss of metal in botli tire and rail, due to 
tlie grealer a,rea of contact with the large wlieel. On the cjiiestion 
of the advantage of large wheels for road engines, there is prole« 
ably a greater unanimity of opinion among railway men tlian on 
any other detail of the equipment. 

Equalization. The most successful high-speed steam loco- 
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motives of to-day are designed with a three-point equalization, 
having one point ahead and two trailing. This is apparently a 
very desirable arrangement for any locomotive, and the electric 
locomotive designer is at once confronted with a new problem 
in adapting it to a locomotive which must be designed to operate 
equally well in either direction. The only means by which the 
actual three-point equalization can be secured on such an engine 
is to devise some means for shifting the equalization when the 
engine is reversed. It is possible to arrange air cylinders inter¬ 
locked to the reverse lever, which will automatically alter the 
equalization system, so that a single point of equalization will 
always lead and two-points will always trail. This should, 
however, be reserved for a last resort, as it does not seem wise 
to accept such weight and complication unless it proves essential. 

A symmetrical arrangement of wheels on the two ends of the 
locomotive has been criticised by some as lending itself to 
a nosing tendency in high-speed engines. While there is 
some evidence to support such contention, it is not re¬ 
garded as absolutely proven, and there is an open question 
as to whether the symmetry of equalization rather than symme¬ 
try of wheel arrangement is not the irritating cause. 

Whatever system of equalization is used, it is very desirable 
that the springs on an electric locomotive should be very flex¬ 
ible. This in itself will tend to equalize the loads on the drivers 
without the complete three-point equalization system. It is 
contended by some of the best engineers that a four-point equal¬ 
ization system with flexible springs is better than the three- 
point equalization system. 

Interchangeable Locomotives. If the accuracy of the foregoing 
outline of features for various services is accepted, the im¬ 
practicability of performing all classes of service economically 
with a single machine, is at once made apparent. The engine 
for the heavy high speed passenger train will require motors of 
large capacity. This capacity, however, can be utilized only 
at the high speeds with a corresponding low tractive effort. 
The electric locomotive is not so well suited for interchangeable 
service as the steam locomotive because of the fact that its 
continuous tractive effort is practically constant regardless 
of the speed at which it is operated. A steam locomotive, on 
the other hand, can develop its maximum horse power at almost 
any speed, and its continuous tractive effort may be anything 
from its maximum, which is developed at starting, down to 
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that necessary to give its maximum horse power at its maximum 
speed. An electric locomotive designed to develop its continuous 
capacity at GO miles per hour, if operated in freight service at 
.10 miles per hour will be developing only one-half of its capacity. 
On account of the necessity of having the best riding qualities 
at high speed, the locomotive will be very much heavier than 
one designed especially for freight service having the same 
continuous tractive effort. The cost also will be much greater. 
It may be cotitended that wliere gearless motors are used, it 
is simply a matter of winding the motor to develop a given 
tractive effort at its maximum speed, and it will then be suitable 
for any service requiring this tractive effort at lower speeds. 
This is true, but for mechanical reasons the converse is not true; 
namely, that a freight locomotive can be operated in passenger 
service by winding the motors for a higher speed. An economical 
mechanical design for a loccmiotivc, which is thoroughly satis¬ 
factory for freight service, will not be at all suitalde for the high 
speed passenger service. vSteam locomotives liave been used 
interchangeably to some extent in railway service, but in general 
this has been found impracticable. 

1 ranmiixsion from'Motor to Wheel. At the licginning of tlie 
pajjcr it was stated th.at the transmission of power from the 
motor to the driving wheels is one of the most serious ])roblems 
c(arfronting tlu; designer. It is closely allied with the ty])e of 
framing, wheel Ijasc, and location of center of gravil.y of the; 
locomotive. While many types of transmission are in successful 
operation, none; is td)ove tiriticism from some point of view. 

Gearlcss Lonccnlric Motors. It is well known that gearless 
motors in which the armature is carried dead <m tire axle while 
having the simiilest tixinsmission of all are destruct,ive to roadlied 
when oirerated at high Hireeds. The mounting of the motor on 
a quill driving the wheels through .springs is ;dso olqeetionalde 
from some standpoints, but it is open to less olijetition from tlie 
fact that. it,.s weiglil, is all spring-supported against Imtli vertical 
and lateral slioeks. 

Tliere is a definite, thougli somewhat restricted, field where 
the gearless concentric; motor is most .successful. High service 
s|)C‘ed is essential to allow a rate of rtivolution sullicient t(i se¬ 
cure an economical ])ower output per unit weight of motor. 
Tlie. gearless concentric motor for slow-specsl operat ion cannot 
compete wi(,li tlie geartsl motor, as the weight ami cost 
be prohilntive. The power demanded per axle must not 
it as 1,0 result in wlieel overloads. 
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Transmission Through Gears 

Gears are very unpopular in many quarters, and have un¬ 
questionably some disadvantages. However, there is probably 
no part of the standard street car motor equipment which has 
given less trouble than the gears and pinions. There have been 
many cases of broken gears and of gears that have had an unduly 
short life, but all of these cases could be traced to a cause or 
causes which are now well understood, and can easily be 
avoided. 

We feel perfectly safe in saying that, in the present state of 
the art, gears can be designed which will perform satisfactorily 
in any class of railway service. The improvements wdiich have 

t 

been made in the quality of gears and pinions by the use 
of high-grade materials having greater strength, higher elastic 
limits, and improved wearing qualities, are such that there should 
be no hesitancy on the part of the locomotive designer in recom¬ 
mending gears for service where a reduction from the armature 
speed is desirable, as in low-speed locomotives. 

Gears for very slow-speed work may be pressed on the driving 
axle as in oi'dinary street car work. Where the motors are of 
large capacity, it will be necessary to use twin gears, as in the 
case of the locomotives for the Cascade Tunnel, and the high¬ 
speed freight locomotive No. 071 for the New York, New Haven 
& Hartford, R. R. The former has the gears pressed directl}'" 
on the axle, but in the latter, the gears are mounted on quills. 
This latter design is much to be preferi*ed, and is in fact necessary 
where the locomotives are to be operated at speeds much above 
30 miles per hour. The use of the quill, of course, involves a 
further connection between the quill and the driving wheels. 
This is accomplished in the case of the New Haven locomotive 
by long helical springs, one end of wdiich is clamped to a projec¬ 
tion from the quill and the other to the spoke of the driving 
wheels. These springs have such a large amplitude of motion 
that the axle is almost entirely unrestrained by the motor 
which is mounted rigidly on the truck framing. On this locomo¬ 
tive the gears are also provided with a storing connection between 
the rim of the gear and the center, which removes practically 
all of the shock due to high pitch line speed, and at the same 
time divides the load equally between the two gears on the quill. 

A further advantage of gearing the motor to a quill having large 
clearance around the axle is that it enables the motor to be mounted 
rigidly on the truck, and directly above the axle, thus permitting 
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the greatest economy of space by bringing the driving axles 
close together. It also raises the center of gravity of the spring- 
borne parts and brings the motor well above the dust and dirt 
of the roadbed. And as the motor projects through the floor 
into the cab, the commutator, brushes and oil boxes are rendered 
accessible at all times. It also facilitates the use of forced 
ventilation which greatly increases the capacity of motors of 
the enclosed type. The limitations of this type of transmission 
are not yet w^ell defined, as it has been in use but a short time, 
but the performance thus far has been so satisfactory as to give 
promise of its success in a wide range of application. It is 
believed that on account of the extreme flexibility of the drive 
that the pitch line speed may be raised to a much higher value 
than has ever before been deemed possible. The flexibility 
effectually prevents the extreme shocks which are ordinarily 
received by the gear teeth of a high speed locomotive when the 
gear is pressed directly on the axle. 

The use of gearing which permits the armature to run at a 
higher speed of rotation than the driving axle, places a limit 
on the speed of the locomotive which from the point of view 
of the operating man may be undesirable. It is necessary in 
designing such a locomotive to consider the maximum speed 
at which the locomotive is to be operated and leave a margin 
above this figure before the safe limit of the armature speed is 
reached. The service conditions will determine the maximum 
locomotive speed and also the speed at which the motors should 
develop their continuous rating horse power. These two loco¬ 
motive speeds and the limiting peripheral speed of the armature, 
together with the desired horse power output form the mechani¬ 
cal basis for the motor design. For economical designs it is 
not advisable to allow a maximum armature speed of more than 
2 or 2.5 times the continuous rating speed. If a greater ratio 
than this is required, - the armature speed must be reduced. 
The weight and cost of motor for a given continuous capacity 
will increase directly with this ratio. 

Some of the other limits in a geared motor design are the 
pressure per inch width of gear face at the continuous rating, 
and the directly associated limit of the available distance 
between wheels, which must be divided between the gears and 
the motor. The available gear reduction is limited, on the one 
hand, by the diametral pitch necessary to secure a tooth with 
sufficient strength or life, together with the minimum number 
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of teeth in the pinion consistent with low maintenance; and 
on the other hand, by the niaximnm nmxibei of teeth in tlie. j^cai 
that can be applied with a given dianietci of diiving wheel 
with sufticient rail clearance. 

With theoretically ])erfect gears a very high intch line six-ed 
should be operative. In regular interurban mounting of motors, 
heavy strains are imposed on gear teeth in high speed opei ation by 
sudden vertical displacement of wheeLs due to track ii i c^gulai itics, 
with attendant acceleration or retardation of aimatuic!. In. 
such apidications a maximum pitch-line speed of ikoOO to 
4,000 ft. per minute is opcrtitive. With eonpilete spring sup¬ 
port of motor and flexible connection to wheels, or with flexilrle 
gears, it is evident that a higher si>eed will be peimissible. Ilieic 
are insui'licient data at liand to approximate the limit undei 
these conditions. 

Tile above statements are all baswl on the use oi simr gears 
and it is confidently c'xiieeted that even better i-esults eaii Ix! 
obtained liy tlie use oi helical gears which are now coining into 
use. The success (,)f tliis type t.»f gear which is used for tlie 
Melville-McAlpin steam turliine drive indicates a spliere of 
usefulnt'ss for gears wliich has scarcely b(.‘im touched. 

While it is too early in tlie use of gears for large locomotives, 
to make an alisolute statement of fact in regard to the allowable 
pressures, experience tlius far indicates a pressure of 1, 
per inch width of gear face as a perfectly practicalile v: 
continuous rating of large gears. With special steel iiinions 
and higli grade gears it is probalily safe to exceed this figure. It 
is well known that for sliort liauls pressures far aliove 1,01)0^ 11.). 
per inch are now in daily successful operation. I n tlie locomotives 
for the vSt. Clair Tunnel, for instance, the iiressure is carried 
on a single gear liaving a (i-in. width of face. I'lie normal loads 
at wliieh the locomotive oin*rates on the up-grade give a jiressurc 
of from bdOO to 2,«)()() 11). per ineh wiillh of face on tlie 
gears. With this pressure the pinions have a life of 4(),fK)() to 
.5(),()()() miles, anil none of the gears has yet worn out, although 
the locomotives have, been in continuous oiieration for over 
two ycnirs. With twin gears there is a possibility of further in¬ 
crease in unit iiressure as the alisence of relative skewing of 
pinion and gear shafts produces a lietter uiiiilieation of tlie tooth 
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itest linutation to the use of motors gear* 
surrounding tfie axles is tlie restricted 
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Space between the wheels. As the output of the motor increases 
the width of the gear face must increase also, and this extra 
gear space must be deducted from the space ordinarily occupied 
by the motor. This results in motors having a larger diameter 
than would ordinarily be designed. In spite of this limitation, 
however, it is probable that geared motors as large as 500 h.p. 
continuous rating will be used. This is about as great an 
output as can be utilized on a single axle. 


Transmission by Side Rods 

A desire to secure the good riding qualities of the high-speed 
steam locomotive, and at the same time to avoid the difficulties 
and limitations imposed by mounting the motor concentric 
with the axle, has lead to the adoption of side rods for trans¬ 
mitting the power from the motor to the wheels. There is a 
very strong tendency in this direction both in Europe and in this 
country. The general form universally adopted except for the 
three phase locomotives in Italy and Switzerland, which will be 
discussed separately, is that of the now familiar Pennsylvania 
locomotive which is illustrated by Fig. 6. The motor is mounted 
on top of the locomotive framing, and the armature shaft con¬ 
nected by quartered cranks to a jack-shaft located in the same 
plane as the driving axles. The power is transmitted from the 
jack-shaft to the wheels by other parallel rods. 

Tills type possesses some very distinct advantages. It per¬ 
mits the use of a single powerful motor to drive two axles. 
The motor is mounted in the cab instead of under it so that all 
parts are readily accessible and are thoroughly protected from 
tlie dust, dirt and water from the road bed. The location of the 
lieavy motor so liigh in the cal) raises the center of gravity of 
the locomotive to a lieiglit corresponding to that of high-speed 
steam locomotives. The side rods form a transmission system 
that is familiar to all steam locomotive operators. It apparently 
lias all the good |)oints of the steam locomotive rods and is, 
in addition, susceptible of perfect mechanical balance and gives 
a uniform tractive effort. 

There are, however, certain fundamental differences between 
the performances of side rods on steam and electric locomotives. 

l.'The steam locomotive transforms the heat energy ^ of 
the steam into mechanical work by means of a reciprocating 
engine. Connecting rods and cranks are therefore essential 
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features. Tlie (‘Icctric loconiotive on the ot.her liaiid develops 
its |)ower by rotation and no single tyi)C‘ of transinission can be 
listed as indispensable. 

2. In case of a stcaini locomotive there are at least two inde¬ 
pendent sources of mechanical forces, viz., tlie cylinders. Eacdi 
piston constitutes a “ free end ” of the transmission system . Tlie 
distance from the center of cylindtn- to tlie center of main driver 
axle is not a liard and fast, value, as a. slight variation means 
only a change of crosslKsid overrun and of cylinder clea,ranees. 
In an electric locomotive wliere there is a single niot.or, crank 
and rod connected to a countershaft, tlu're anmio “ freu'ends ” 
to the system. For tlris rtxison grtsit a,ccurac'y (»f trarri arid 
|)arall(lism of mot,or sluift and countershaft, art* essential, any 
error iKung accompanied l>y stulous stnisses in tlu* trans¬ 
mission witli associated low met*ha,nical eltlciency and liigli 
nniinteinince (diargt*, es|>eci;dly for btairing haasst's. 

t>. In the steairi enidnt* the st,ress(*s on tin* transmission svs- 
tern at any ])oint. in tin* t'}'cle i*an In* very closely approximated 
l)y means of indicator cards taken trom tin* cyhndt*r, tdgt'tlier 

witli ct‘ntrifugal st,resst‘s. In oth(*r words, t‘ach sidt* of tin* I'u. 

gine t‘an be consitlt‘rt*d se])aratt‘ly. With tlu* eU'trtrit* locomo¬ 
tive on tire oilier hand, tliert* is but one sourt*e of rnet'hanit'al 
force; viz., tlie motor wliicli ext*rts a, constant turning rnoirumt 
or tor(|ue tlirougliout tlie t'Utire rtjvolution. ddiis constant 
torque must be transmitted to tlu* driving axle without modifi¬ 
cation except for tlu* loss(‘S in bearings, At, (*ertrdn points in 
j eyele all tlie tor(|ue of the rnot.ors is transmitlird tlirougli 
crank; at certain otlu'r points it is transmit,(e<l through 
tire opposite crank. At intenru‘diade [loint s it may rir may not lu* 
transmitted tlirougli a single crank, as the inteiadiaiige of work is 
different in diffen*nt rnaehiru'S, lulng a t*ompositn funeiion of 
journal and pin clearances tog(*ther with liending and iorsiona,! 
deflections of all elements of t lie transmission and framing. 
It is therefore^ not possible to analyze* the foiU'cs on out* side* of 
tiui locjomotive irulependeiitly of tdu* otluir side. 

'4. In tlie steam locornotivt* tlie main reid eonneets the c*ross 
head to the drive wlieels. In t.lie e*U‘etrie, all tlie* driving effort is 
transmitt(‘el tlirougli four running |)ins in series liefore any use-ful 
work is performed. This result,s in considerable loss f )f me*(hianieal 
efficiency. It may lie noted tlnet tin,* use:* eif knuc'kle; pins would 
ivoid one or possilily two of the running pins nK*ntioneel but 


:,lius far 
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is willing to accept knuckle pins in an electric locomotive. 
Knuckle pins have caused so much trouble from breakage that 
they will have to be modified considerably before they will be 
acceptable. The trouble seems to lie in the twisting of the rods 
due to uneven track. 

The side rod type of locomotive is at a disadvantage when 
compared with the high-speed geared type described, because 
of the fact that the mechanical parts of the locomotive and also 
the motor frames must necessarily be much heavier to withstand 
the reciprocating stresses imposed on them. They will also 
require much more careful work in assembling and will there¬ 
fore be more expensive. On the other hand, it would seem that 
after the side-rod locomotive is once completed, the mechanical 
parts should be very cheap to maintain. The results of the 
operation of the Pennsylvania locomotives will be awaited with 
great interest. 


Scotch Yoke Side Rod Type 

The type of drive which has been used to the greatest extent 
with the three-phase locomotives in Italy is that illustrated 
in Fig. 9, utilizing the so-called “ Scotch Yoke ” for connecting 
the motors with the driving wheels. This has been in use for 
several years and has apparently given excellent results. In 
these machines much of the criticism attendant upon connecting 
rod applications has been obviated. The motors, being flexibly 
attached to the spring-borne parts, are not subject to severe crank¬ 
ing strains and can therefore be made light mechanically. The 
motor shafts, it is true, should line and tram accurately but 
they are so located that this can be done with minimum dif¬ 
ficulty. The mechanical parts also can be made considerably 
lighter because of the fact that there is no jack-shaft required, 
and the cranking strains are taken directly on the armature 
shafts which are supported in bearings in the side frames. 
The design, however, sacrifices high center of gravity, and some 
alternate plan for securing easy riding qualities must be adopted. 
One which has been suggested utilizes a plan somewhat in line 
with that suggested for the gearless concentric motors; namely 
having springs between the motor and side frames for cushioning 
lateral shocks. The mechanical efficiency of this type should 
be higher than that of the rod-connected design, because of 
the fact that the power is not transmitted through so many 
running pins. It has the objectionable feature of a sliding 
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connection between the driving yoke and the pm ^ the mn x. e 
driving wheel, but this apparently causes no trouble whatevei. 
In fact, the locomotives as observed on the Valtellma Railway 
operate smoothly, and apparently with small friction loss. 
This may be ascribed in part to tlie fact that all bearings aie 
kept flooded with oil. The use of knuckle pins for transmitting 
power from the ■' Scotch Voice ” to the outer driving wheels 
is made perfectly safe by the use of spherical inns or spherical 

1} tX r 111 if s. 

This type of drive will give probably a ligliter locomotive 
than is possible with any oilier drive having motors oiieratmg 
at the same speed as tlic driving axles. It has thus far not 
met with favor in this country, Imt its merits will undoubtedly 
bring it into use for moderate speed work where gearless niotois 

are desired. 

COMHINATJON GKAU AND CoNNKCTING Rol) DkIVK. 
re slower speeds are di-sired than can be si'cun.'d 
use of motors operating at flic same speed as the axles 
is sometimes more economical to use two moftirs geared to 
jackshafts and connected to the drive.rs liy means of t.hu Scok i 
Yoke’’in the same way as just described. Fig. 10. This sclieme has 
some advantageous features which are^ not at first apparent. 
It permits the u.se of large motors and gives mucti gnal-er space 
for them tlian can be secured between the drive wluiels wIictc 
the motors are geared citlun- to the axles or_to fiuills svirromidmg 
the axles. The motor is mounted so that its center of gravity is 
high, and as it extends through tlie floor into the cal), the bearings 
and brushes are easily accessible. In this respect tlie motor 
has all of tlie advantages possessed liy the rod-coiinecded motor. 
Gears can be located outside of the driving wheel so that tliey can 
be replaced without dismantling the locomotive any fnrtlicr than 
required by tlie removal of the side rods. Locomotives mvol vmg 
this priciple have lieen built in Europe, and a larg(‘ om' is now 
under construction for tlie Midi Railway in France. As stated 
before, it is especially fitted for work where it is desiralile to 
reduce the numlier of motors to a minimum and at._ the same 
time oiierate at slow speeds with heavy tractive cfl'ijrts. 

Xhis lx')Conic)tivc» liciwcvcn*., ns sulnjcct ten such exilic,isiu 
involved in synchronous revolution of many parts wit,h a ^ 
seciuent loss in efiiciency and with possible inertia c!oniplicatic,nuS‘ 
In this respect it is practically on a par with all rod»connected 

locomotives. 
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Rod-Connected Locomotive With Radial Axle 

A description of the principal types of transmission would 
scarcely be complete without mention of the three-phase loco¬ 
motives now in use in the Simplon Tunnel. These locomotives 
have been described in the technical press. The chief point 
of interest lies in the location of the motors, the connection to the 
drivers, and in the radial driving wheels at 'the ends of the loco¬ 
motive. The motors are located as close together at the middle 
of the locomotive as possible, and their crank pins are connected 
together by a frame. From pins on this frame on a line with 
the center of the axles, rods are carried to the nearest driving 
wheels, and thence other rods connected to the axles of the outer 
drivers, there being four pairs of driving wheels. It is, of course, 
essential where side rods are used that all axles should remain 
substantially parallel, and in order to secure the radial motion 
of the wheels at the ends of the locomotives, it is necessary to 
mount the wheels on quills which surround the axles and con¬ 
nect them together only at the middle point by a kind of uni¬ 
versal joint. By these means the wheels are able to move in 
a radial direction, vrhile the axles which drive them are kept 
parallel to the inside driving axles. This seems to be operating 
very satisfactorily, - and with some modifications will probably 
meet other conditions where all the weight is carried on the 
drivers, and a rigid frame locomotive with flexible wheel base 
is required. 

Conclusion 

The foregoing survey is incomplete, as the possible combina¬ 
tions of locomotive framing, motors, and transmission between 
motors and drivers are almost limitless, and it would be impossi¬ 
ble in a paper of reasonable length to discuss even those that are 
well-known. The aim has been to present the problem as 
viewed by the authors, and to discuss a few of the fundamental 
principles on which the design of the locomotive should be based. 

The problem is in a word: To design a locomotive incorporating 
all essential features, and as many non-essential but desirable 
features as possible, and for a price that will make electrification 
attractive to railway officials. 
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Discussion on '' The Design of the Electric Locoivto- 
TivE Jefferson, N. H., July 1, 1910. 

Wm. McClellan: I should like to emphasize the absolufte 
necessity of designing electric locomotives with reference to 
track conditions. 

As speeds increase and loads get heavier, maintenance of track 
is difficult in any case. It is especially so, however, when 
trains of a great variety of speeds pass over the same track- 
Roadway men know how difficult it is to fix proper elevation 
of rail, surface and align the rail, and bed the ties so that tke 
result will be equally good for low-speed freight trains and for 
high-speed passenger trains. 

In regard to the question of interchangeability, there is another 
feature which is of great importance. In freight service, we 
cannot dispatch trains and adhere closely to the schedule with 
the same degree of accuracy that we can in passenger service. 
We can design a locomotive for handling a certain kind of pas¬ 
senger service and it is quite likely that the locomotive will not 
often be used under very different conditions. On the other 
hand we may design a locomotive for a certain kind of freight 
service, and instead, for example, of going over the road with 
few stops at a good speed, traffic conditions may compel it to 
start and stop with great frequency, or run at an extremely low 
speed for the bulk of the time. To put it differently, the freight 
locomotive may be designed for through service, but may he 
compelled through the exigencies of conditions to do the equiva¬ 
lent of switching service. This does not apply to the electrifica¬ 
tion done so far which has been chiefly on tunnels and grades. 

A. F. Batchelder: There are a few points to which I would call 
special attention and about which I cannot fully agree with the 
paper. 

As to the order of importance of the different points of design, 
I cannot agree that the dead weight per axle is necessarily 
second. A great many differently designed locomotives have 
been built and operated. So far as my experience goes, I have 
not seen as yet, neither have I been able to And anybody that 
has seen, any design where the dead weight has had any detri¬ 
mental effect on the track as long as it is limited to the weight 
of the motors, the journal boxes, spring saddles, and with the 
rotating parts balanced and the trucks properly equalize<d. 

There are electric locomotives in regular operation thLa.t 
have dead weight per axle as high as 17,000 lb., and so far as I 
can leam, there is no indication that this dead weight has any 
bad effect on the road bed or track. 

Of course it is well understood that on steam locomotives 
where the wheels are not well balanced and the locomotive 
running at high speeds, the unbalanced weight has a bad effect 
on the rails and road bed. 
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Relative to the height of the center of gravity being important, 
I believe a high center of gravity will assist in making an easy 
guiding locomotive, providing the spring supported portion 
is carried on journals placed between the wheels, making the 
spring centers approximately 42 in. apart, as is the general 
practice on steam locomotives; but with electric locomotives 
with outside journal boxes where the spring centers are placed 
approximately 80 in. apart, a high center of gravity say from 60 
to 75 in. is but very little assistance to making the locomotive 
guide easily. 

The feature desirable to obtain is the rolling effect in entering 
curves, and it will be seen that the rolling effect will be much 
less with a high center of gravity locomotive where the spring 
centers are 80 in. apart than it would be if the spring centers were 
only 42 in. apart. It will be seen that in order to obtain the 
same effect where the spring centers are 80 in. apart it is neces¬ 
sary to have the height of center of gravity above the point 
of thrust nearly twice as great as with spring centers 42 in. 
apart. 

The paper also speaks of the different opinions of engineers 
and their choice as to the weight per axle. It has been my 
experience that it is not the opinion of the engineers, but the 
physical conditions such as the weight of rail, and strength of 
bridges and road bed, that determine the weight per axle allowed, 
and the railway engineer is in position to know these, and 
insist upon designing the locomotives to suit the conditions. 

Another point that the paper brings out very nicely is the 
necessity of concentrating the mass of the locomotive as near 
the center as possible. I might add that it is also desirable 
to make the guiding wheels as far forward of this weight as 
possible, as it is well understood that if we have something to 
guide, the longer the handle the easier it is to manage. 

I might also mention that it is the spring-borne portion of the 
locomotive that is the most difficult to manage. It is this 
portion that can set up oscillations and build up a movement 
that is difficult to stop without doing damage to the track by 
the guiding wheels. If the greater portion of the weight of the 
spring-borne part is concentrated near the center or well back 
from the guiding wheels and with a damper to prevent its build¬ 
ing up oscillation, it is perfectly practicable to guide a very 
heavy locomotive without damage to the track. 

Every locomotive truck that runs on rails is bound to oscillate 
from one side to the other, on some portion of the railroad, and 
it is practically impossible to make a locomotive run without 
doing this. Therefore, it is. necessary for us to accept this 
oscillation as being inherent, and for high-speed locomotives, 
we must design so that this oscillation will do no damage. 

It may be interesting to examine the design of the locomotive 
shown in the accompanying illustration which I believe em¬ 
bodies most of the desirable features discussed and which we 
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have worked out to meet the re¬ 
quirements of heavy trunk line 
service; it has a tractive effort of 
nearly 30,000 lb., continuously, 
and a maximum tractive effort 
for short intervals of time of 
80,000 lb. 

It will be noted that it has a 
reasonably high center of grav- 
itj, narrow distances between 
springs, the weight of the spring- 
borne portion well back from the 
guiding wheels, motor flexibly 
supported, and each driving axle 
is driven through quartering 
cranks and side rods from a 
jack shaft which is driven by the 
motor through spur gearing. 

We have looked into this 
design very carefully and find 
it possible to build it with motors 
of sufficient capacity for the 
heavy trunk line service on 
mountain divisions and keep the 
total weight within reasonable 
limits. 

In general the locomotive is 
made up of two American type 
engines coupled back to back 
having two driving axles and a 
two axle leading truck on each 
section. 

It has been well proven that 
the American type engines oper¬ 
ate very satisfactorily at all 
speeds on our American rail¬ 
roads and for this reason, I be¬ 
lieve that this type of electric 
locomotive will operate the same 
under the same conditions. 

Frank J. Sprague : I cannot 
express my belief as to the best 
type of electric locomotives, for 
I am a member of the Electrical 
Commission of a prominent rail¬ 
road company which will soon 
be engaged in the task of dissec¬ 
ting proposals which have been 
accumulating for the past eight 
or nine months, from manufac- 
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taring companies, involving quite a variety of locomotive de¬ 
signs as well as methods of motor operation. It would, there¬ 
fore, be improper for me at the present to express any preference 
for a particular design, even if I had any. As a matter of fact, 
I am of an open mind. 

We can all agree with the authors in the general statement of 
the requirements of an electric locomotive, which might more 
tersely be stated to the effect that we want to get all that we can 
in capacity and good tracking characteristics for the least money. 
That I think is the argument which will appeal in behalf of 
electric traction to railroad officers and engineers. Not only 
must we seek all that is possible in the matter of capacity and good 
riding qualities, but also incorporate in the locomotive all that 
is practicable which has been found to be good in the steam 
locomotive, but which is not necessarily individual to, or espec¬ 
ially characteristic of steam operation, and also all that is good so 
far as possible in electric operation. Now, how? I suppose 
there are few engineers of maintenance who do not at times 
think the superintendent of motive power ought to scrap most 
of his engines, and likewise it is a good natured and patient 
superintendent of motive power who does not occasionally con¬ 
demn the track engineer for the condition of his track. Perhaps 
that is stating the facts a bit strongly, but it illustrates the feeling 
which exists oftentimes between two great operating departments 
of our railroads which should cooperate, because after all the 
locomotive and the track are married, and you cannot divorce 
them. Each affects the other, and neither has the right of 
way over the other; both are vital to the operation of the rail¬ 
road. 

The authors describe various methods of motor mounting 
and their effect upon the construction of the locomotives. I 
find it more convenient to consider locomotives, at first, irrespec¬ 
tive of their motor mountings, and as divided broadly into three 
classes: locomotives with fixed wheel bases, either with or 
without a leading truck, the truck having either one or two 
axles; locomotives with bogie trucks, symmetrical or otherwise, 
and either linked together or independent; and articulated loco¬ 
motives, that is, made up of two sections each having drivers 
forming a fixed wheel base, and with a bogie truck, the two parts 
being hitched back to back. There are many modifications of 
these types. Each of these forms can have a variety of motor 
mountings. A typical example of the first are the locomotives 
of the New York Central & Hudson River Railroad; of the 
second, the locomotives running on the New York, New Haven 
& Hartford Railroad, on the Great Northern, and in the Detroit 
Tunnel; and of the third, the locomotives which are being in¬ 
stalled on the Pennsylvania railroad. Motors can be geared, 
according to my original practice, and there are some scores of 
thousands running' that way, many of them at almost the 
maximum speeds that are attained by any steam locomotive 
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in this country; that is, there are plenty of interurban roads on 
which bogie truck cars, with motors geared to the axles, are 
running up to sixty miles an hour without materially bad effects 
on the track. That method of construction has' certain ad¬ 
vantages which have been well expressed by the authors. Then 
there is the gearless type of motor, one which has appealed in 
niany respects to every engineer who looks alone to the question 
of the simplicity of electric operation, because of the removal of 
every detail of side rod, extra bearings and gears as a necessary 
connection between the motor and the wheels. The gearless 
^comotive^ has some very distinct advantages, but ale^ some 
distinct disadvantages. Space limitations, necessarily are 
somewhat exact, and part of the dead weight is carried on the 
axles; it may, however, be almost entirely spring-borne. The 
v^eels are of moderate diameter, and the capacity of tlie ma¬ 
chines, if built for low speeds, somewhat limited. 

Then^ there is the side rod locomotive, which now seems to 
be coming into vogue, having been appropriated from steam 
railroad practice. There is also the combination of the geared 
and side rod locomotive, as illustrated in the drawing shown by 

• +b ^ mind, and that 

is the lurther we get away from direct gearing, or from gearless 

motors, the further we get away from simplicity. Every iocomo- 

1 —^ ^ compromise; it cannot be one'which is 

limited primarily by the kind of current one is going to use nor 
on the other hand by the desire for simplicity; it certainly 
mi^t not be limited by the demands of the steam engineer. 

the latter has handed to us a morsel which we arc rollin<>- 
under our tongues^ with a good deal of avidity, and which is 
expressed several times in the paper presented this morning bv 
the phrase high center of gravity.’’ I agree with Mr. Batchcl- 
er that the question of high center of gravity is less important 
than many other things in the construction of an electric locomo- 
tive, and I consider it perfectly possible to build a locomotive 

ricfLf the center of gravity, which will operate 

satisfactorily at either low or high speed. What is vital is that 
every wheel on a locomotive shall be indcpendentlv shackled if 
may use that expression, so that it can have reasonable vertical 
and lateral movements to meet track irregularities without dis¬ 
turbing any more than necessary the balance of the locomotive 
or the position of the superstructure. Of course, if wheels arc 
rigidly mounted m bearings so that they cannot traverse in any 

o /.1.4-1 ..N ' 1*1 j" 1 , , mass of the locomotive w'e 
have a condition which is intolerable, no matter whether it is in 
a steam or an electric locomotive. 

I will refer to the developments on one or two locomotives 
which wi 1 Illustrate some practical points. Let us first consJler 

both at slow and high speed. Every road is made up of tanvente 
and curves. If we had a dead true surface and alignment 
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continuous rails and close gauge, it would not make much dif¬ 
ference on a tangent whether high or low center of gravity was 
used, or what the springs were. With like conditions on a true 
curve, it would, after entering the curve, make little difference 
where the position of center of gravity is, because, after all, 
the flange of the wheel and the head of the rail are in intimate 
contact, and must remain so. Of course, we do not have these 
conditions, and therein lies the necessary for building locomotives 
to meet the actual conditions. However, with all the variations 
of surface and alignment, the track does not come up and hit the 
locomotive in the face, or give it a slap on one side. We have a 
pair of wheels slightly coned, and a certain lateral movement, 
traveling on two uneven rails, and as Mr. Batchelder has ex¬ 
plained, it is impossible for two cones to so travel and maintain 
a central position, even on a true track. There is a tendency for 
these wheels to travel first one way and then another. The more 
slowly the locomotive moves the more difficult it is to traverse 
the rail, the faster it moves the more easily will the wheel traverse 
to one side or the other, the more severe will be the blow of 
the wheel when it does so traverse, and the heavier the blow 
which the flange will give to the rail when it recoils. You are 
all familiar with the early practice in regard to dynamos, putting 
a spring on the end of the armature to make the armature tra¬ 
verse back and forth to bring about an even wear of the com¬ 
mutator and brushes. The faster the armature traveled the 
easier it was to get it to move laterally. If you gave it too much 
play, a sharp push would drive it with a violent hammer blow 
against one bearing, and it would then rebound and strike the 
other. That happens on the locomotives at high speed on the 
rails as well as on the fast turning armature of a dynamo. 

It has been said that with a high center of gravity, when 
you strike a curve the mass of the locomotive rolls over, the 
center of gravity goes towards the outer wheels, and the pres¬ 
sure on the outer rails is increased, thus increasing the rail 
resistance. I wonder if anyone who has made this statement has 
really investigated the problem to find out how far the center of 
gravity does travel, and what is the actual increase of pressure 
on the outer rail. If the rail is not properly banked and prop¬ 
erly spiked to the ties, it would be better not to attempt to run a 
high speed locomotive on curves, because the increase of side 
pressure on the rail would be such that the ties would never 
hold it in place no matter what the increase of top pressure. 
The essential thing which takes place is the introduction of a 
time element before the flange has to take the entire pressure, 
as, of course, it eventually must. 

On the New York Central, and also on the New York, New 
Haven & Hartford locomotives, certain characteristics early 
developed in practice which made it advisable to make 
some changes. The original Central locomotive had a fixed wheel 
base with four driving axles, and a pony truck at each end. 
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This truck may be described as a triangle, pivoted at the apex, 
and driving a single pair of wheels at its base. It was S]:)ring 
centered to normally maintain a central position. On the trial 
runs, at high speed on a tangent, some oscillation developed, 
with resultant side pressure on the rails. This was corrected 
by damping the motion of the truck, in other words, steadying 
it. 

Shortly after the equipment was put into regular operation, 
there was a grave accident to a double header light train running 
at high speed, which some people have taken as a basis for a 
criticism of that type of locomotive, and vaiious comments al)Out 
the position of the center of gravity have a]:)peared. A writer 
in an engineering magazine some time ago referred to tliis acci”- 
dent in a critical sort of way, not b}^ name but by ])lain inftrrence, 
and said that the responsibility for the accident was |)rol)al)ly 
duetto the low center of gravity. As voicing the admitted 
findings of every investigation committee, tliat statement is 
unwarranted. Referring to this accident, it is a curious fact 
that the locomotives never got away from the track; some of tlie 
wheels jumped the rails, but the cou|)led locomotives did not 
topple over, nor get away, notwithstanding tlieir mass and the 
high speed at which they were traveling. 

The same machines, without any change, were in oi^eration 
for a long time subsequently, and. are in Of)eration to-day. vSome- 
time since, however, a change was made which for some reasons 
I think was advisable. This did away with tlie single' wheel 
truck, and substituted therefore a four-wheeled jrivotc'd triu'k, 

an experience through which the steam locomotive lias also 
gone. 


^ On a curve such a truck yields easily, as it first turns on a 
pivot, instead of attempting to at once turn tlic mass of tlic* 
locomotive. Then the forward wheel acting as a guide, witli tlK' 
rear as a fulcrum, helps the head of the locomotive around; in 
other words, the truck is the handle for turning. Iliat is one 
improvement, but another was also introduced, a,nd it was so 
good that our steam friends applied it to certain tyiies of tlieir 
steam locomotives; this was to give a greater lateral, but spring- 
resist^ traverse to the wheels. I make it a iiraetice, in going 
to and from my summer home, to ride on these Icicotiiotivc'S to 
watch their operation. They run on old and new track, ui) to 
a speed of sixty miles an hour, and I find them very satisfactory, 
it IS a curious coincidence that on the New Haven road a 
train came within the closest shave of a disasterr of evesn greaterr 

at high speed, two of the kK'oinotivc'.s 
lett the rails at the bridge at Greenwich, with the result, most 
fortunately, that but one person was killed. 'Fhe wnsc-k, how¬ 
ever was a pretty bad one. An immediate inspection of the 
track, following back a considerable distance, is rcriorted to 
have disclosed some lateral displacement of rails. These loco¬ 
motives, It will be remembered, have bogie trucks, spring sus- 
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pended motors, and a somewhat higher center of gravity than 
the Central’s. The difficulty developed has been largely cor- 
rected by extending the wheel base, and putting a pair of leading 

wheels on each truck. I think in this respect thev are now' 
running satisfactorily. 

It has been stated that a non-symmetrical locomotive is 
essential to prevent oscillation in a horizontal plane on the 
track. I think the term is more or less misunderstood, but if 
we take the locomotive on a whole, I cannot agree wdth that 
conclusion. I believe that a symmetrical locomotive, whether 
it be of the articulated, or fixed wheel base, or any other type, is 
the electric locomotive of the future; the halves, of course, o an 
articulated or bogie truck locomotive can, and probably should 
be unsymmetrical. 

The authors have made one statement to w^hich I must 
take exception, and that is that from an operating standpoint 
the railway man would like to have one locomotive which will 
handle at the desired speeds the heaviest freight and the fastest 
limited passenger trains. That statement can hardly be in¬ 
tended to be accepted in the fullness of its meaning.’ While 
it may be true as to its desirability, if it were possible, in the 
matter of a steam locomotive, it is distinctly not true with an 
electric locomotive, because the multiple-unit system which I 
introduced some twelve years ago has made possible any de¬ 
sired combination of locomotive units under a single crew. But 
what I would call to your attention is the fact that under some 
conditions it is highly desirable to consider the possibility of a 
locomotive which will be interchangeable for freight and pas¬ 
senger service for certain fixed units of trailing load. For exam¬ 
ple, it may be desirable, with certain limiting motmtain grade 
conditions, to have a locomotive which can operate, say, 400- 
to _450-ton passenger trains at one speed, and a 500-ton freight 
unit at half that speed, and then to consolidate these locomotives 
as desired according to the train make-up. It- can be admitted 
that theoretically this is not the most economical plan on which 
to build locomotives per se, but the alternative, of course, is to 
build electric locomotives for passenger and freight service of 
distinct characteristics and sizes, and without interchangeability 
of parts. Now on most of our mountain grade divisions we have 
stretches of single track operation, with frequent sidings, to 
take care of opposing slow and fast freight and passenger traffic. 
Every single-track railroad, no matter how frequently it is 
equipped with sidings, is a difficult road to operate, especially 
if the traffic is heavy. On account of varying grades it is the 
practice when using steam locomotives, and it will be so with 
electric equipment, to add to and drop off locomotives as may be 
demanded by the varying duty, but in any case idle movements 
of locomotives is a thing to be avoided, as far as possible, be¬ 
cause locomotive movements cannot oppose traffic without 
affecting materially the whole movement of through freight or 
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passenger service on the line for a considerable period. There¬ 
fore if a locomotive can, without too great cost, be made avail¬ 
able for interchangeable service, that is a desideratum to be 
seriously considered. It may result, of course, in a somewhat 
larger powered machine than is strictly required in the freight 
service, and a little heavier one than required for passenger ser¬ 
vice, but there will be a less total number because, instead of 
having two kinds of locomotives for each of which there must 
be reserve equipment, there will be only one kind, with a less 
total reserve equipment. 

Another thing, it is cheaper to build a locomotive of a certain 
capacity than to build two of half power. The cost does not 
increase in proportion to the capacity. Another fact to be 
remembered is the importance of being able at any portion of 
the line to pick up or drop off a locomotive which shall be 
equally available for passenger or freight service. 

I do not intend to take further time, but I want to emphasize 
two points. I am opposed to the idea that a very high center 
of gravity is vital to a successful electric locomotive. The idea 
has been handed down to us by our steam friends, and it has 
certain advantages. They cannot for many reasons get along 
without it on steam machines built for high speed. I also wish 
to emphasize the practical importance of sometimes having 
locomotives interchangeable for unit freight and passenger loads, 
as conditions may dictate the absolute necessity for such inter¬ 
changeability. 

A. H. Armstrong: In my opinion Mr. Sprague has not put 
the case too strongly in insisting upon the necessity of having 
freight and passenger locomotives interchangeable on. mountain 
divisions where the maximum speeds are necessarily low. The 
weight of passenger trains may reach 600 tons trailing load and 
freight trains from 1800 to 2500 tons trailing load. It is de¬ 
sirable to move a train with a single locomotive unit if possible, 
but where grades approach two per cent on the better class of 
mountain divisions and even higher than this on some lines 
located before the requirements of modern freight traffic were 
thoroughly appreciated, it becomes necessary to coHvSider two or 
more units per train in order to provide the draw bar ptdl re¬ 
quired. 

It is entirely feasible to consider an interchangeable type of 
locomotive running full speed with 600 ton passenger train units 
and half speed with a somewhat greater freight train load. A 
passenger train could be handled hy a single unit while two or 
three units may be required with freight trains weighing two or 
three times as much. 

The ratio of speeds, passenger and freight, may be taken 
at about 2 to 1 on mountain divisions, so tlaat interchangeable 
locomotives of a uniform type offer a great advantage to the 
operating department on such grade sections as demand the use 
of helpers. Should such a uniform design of locomotive be 
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adopted for passenger and freio-ht • 

with electric locomoti??s S ch is n^t is removed 

helpers. The eleetrie iocoiive 

one or two speeds only while the steam advantage at 

full horse-power outout at nearirr a locomotive can give its 

to act as helper to either a passenger ^o?fre1aht^t?afn"wS^'''^ 
efficiently at the operating speeds of both. ’ working 

one of very ffiSumptfance^and^ oS 

appredated by the operating department. tho^ughly 

pleased to caT it a medSfficaf paper‘^'TwTsh't^^^^^^^ Tf 

discussing "Llr. GaTche’s ^apt ofw3LX'nT4^^^ 

p-pEInfE t'Sy ttoSlEnd' Sn bTEiSlE” d“„'‘“‘F 

the negotiation of rails at high speed. This service orndim^ 
maxima on the structure of the locomotive which Ire vSv hard 

SsSfTlhTSf/' ““ ‘ rail deS, and 

weight on the rail, spriEgltaEe'ESE’t lElheVurnS” 

dw We?' “”'‘“«“.»hich were assnme?irthe oap 

cuiations. We have then a nice set of fiaurp^c ■Ki-if fu i i 

gain consists of the clearer conception ,ffi the mffid ofThrcS 

culator, of what takes place in negotiating track of the narticnlar 
charactenstics assumed. This again is only the fost steu 
we must then consider the phase in which the variouftracffeel 

clnflonteTTre le'dol ® combinations with which we are 

•p. legion. The application of exact mathoin^itire 

IS therefore impracticable in determining the precise dimensions 
of any given locomotive frame. Designers of efectr 'c iSSvIs 
must devote much study, however, to the means for minimizing 

cLstelctiln ^ and ?II^th?s'' on track 

is largdy m^hanica? 

noflredSi‘^11 stated that the dead weight on the axle was 
lot ^ destruction, so long as this weight was 

tenalle In “E examination of track mSm 

. , hi&h speed interurban lines where dense traffic 

exists, shows room for improvement, and considerable exiT 

Eew to‘”dEd„r.L°^d‘’ 

view to reducing the dead weight on rolling stock of this class. 
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Mr. Batclielder stated that the transverse distance between the 
semielleptic springs is of more importance than the height of the 
center of gravity. If this theorem could be substantiated it 
would constitute a severe arraignment against a low center of 
gravity locomotive with outside frames and a broad spring base. 
I wish to take exception to this theorem, however, for two rea¬ 
sons. Sketch No. 1 shows a locomotive with inside frames, and 
sketch No. 2 a locomotive wdth outside frames. 

Ill each case, A represents the spring-borne parts of the 
loconiotive, J5 the axle, C C the wheels and D D the springs. 
lA e agree at once that the arm with w^hich the springs resist the 
swinging of the spring-borne parts is longer with the springs 


A 



Sketch No. 1 



Sketch No. 2 


outside of the wheels; but, referring to Mr. Batchelder’s illus¬ 
tration, you will note that as the locomotive hasS kid out 
ye advantage of tte inside frames, namely, tL short transverse 

Si Sis S Sr- T'' »5' stTfi 

called'to i? to sho? design, but attention is 

caiiea to it to show that we must go further than the doWncr 

location, and must examine the spring characteristieq Tf + 1 ,^ 

framf? ^Signed with greater flexibility, then with outside 
ames, the desired angular displacement of the mass of snrin o-- 
rne parts can be secured. This greater flexibih'txr -nrin ^ ^ 

When counte^hatts and com.ect£g rodf Se SdedASndX^' 
reciprocating stresses, I am convinced thef too 
spent in payment for a narrow spring^ base. 
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til advantage of havino- 

icJTT^.TT'- J *“<i togethe” SS; 

Sk < “f «\°™ motor, and if the wheels on one 

axle wear a little faster than those on the other it is not nprsAo 

sary to machine all the wheels. This seemftf be the chie^ 
advantage of the design as shown. 

staTemenT?ho''T‘^^^°'' exception to Mr. Batchelder’s 

swtSifof the f °f first importance, is that thJ 

.inerti,\nd ScSTy t?e soring 

g?a4y t’' cTo?i to ^he ^ ^d, and XTth?“nter^3 

to sl?nre the of paramount importance 

center rf orlTt^l? .n “P"?*™ ™t“oal fiittance between the 

S t?e &1 b?wlTe&Th?sp“ 

SL^Te =”■' “ —^t^road'sS 

lee^^' also remarked that the dead weic^ht in steam 

oconaotiv^ designed for switching service did not produce 

ser^ce electric siStching 

involved iinde t^^ ideal the track maintenance that is 

involved under steam operation we are lookincr at the nrohlem 
from an erroneous standnotot mPe . me proDlem 

operated vard« ic he, maintenance in steam 

m^en wrhlee ^ something to which operating 

Srtaiivletot accustomed They _ expect it, and they 

remember^ that th ^°risidenng the electric locomotive, we must 

ca^n^ttoeat^Jh^ incentive to electrification if we 

cannot beat the steam locomotive. We must beat them at their 
own ganie, or we cannot make good. 

thflocSSftiie a^nd th^''t^'"®i’® remarks, I like the phrase that 
ne locomotive and the track are in a state of matrimonv and 

cannot be divorced. We can in fact carrv the eeTf • ° 
little fiir-the.r w, 1 J 7 m lact carry the comparison a 

little lurther. v\ e are led to believe that the comoromise in 
many matnmonial relations is entirely one-sided, and in our 

th?t ?liThe°co 4®signs, we make the locomotive so rigid 

bv thftrack Th^^ horizontal plane must be done 

T 1 I® ^ proposition. In this connection 

wlhale n^ c^® ^ f for plate frames on electric locomotives^ 

luccSsfnlto in ^ ° being done very 

S wS^hUu t^w^- frames which will, yield, 

recinl^^f ^ Will take their share in the horizontal plane, and this 

the trp.eh ^ ^.^^aation of track maintenance. In this country 

cufvSto^.^T^d^^’^®®’ '‘^be maintenance of rails, ties^ 

mS o ^bout the same as rolling stock 

k m?te a u f ’■°bing stock maintenance. It 

conceded that much more than half of the track 
^h f resulting from the passage of a train can be charged 
up to the locomotive. We can, therefore, imagine a locomotive 
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in wjich rnaintenance is increased a little, while the maintenance 
01 the entire system is verjf materially decreased and this with 
greater safety of operation. What seems to be necessary then 
is tor the railway organization to be under one supreme head who 
will say to the heads of the various departments: “ Now 
gentlemen, get together In this ideal organization, the 
various departments are not working each for themselves but 
all are working for the railroad as a whole. This is the ideal 
to which large railroad organizations just the same as any other 
large organizations should bend. 

Refernng further to Mr. Sprague’s remarks on center of 

hidirt a ’l ^ entirely possible in his opinion to 

build a low center of gravity machine for successful high speed 

Sprague that it may be possible 
^ AT °o however, that it has ever been done. 

- Ir. bpra^e referred to the Greenwich wreck on the New 

^* 4-1 11 ^ Grand Central Station on the train 

iiMediatey foUon’ing the one which was wrecked, and arrived at 

2'rred“'Thf' "W "*'■!” ^0 minutes of't“ tS oS 

rlST” a” iSta aS^^^ ?e! 

thp roilc XT- 1 T passea. ihe motors slid on 

tne rails, so that the wheels could not cut deenlv into tlrA 
and It was not until a Pullman tniAiw d ™o the ties, 

SrS. ‘“Ar tS? 

in the locomotives'to pldl ouWlS'SawhiT''d 

and several cars ran 300 ft. furtheJ befSe stuping 

motives were then mit nn i-h^ shopping. Ihe loco- 

house by their^'^ p„”r“' »» tl>h Power 

moaTd'^SilL?ts‘‘wtuTave r *=“”bP steam loco- 
i?oomotives had been fitted with^Md b'i? whi 

™t,vV -li f “I '^y *>1' P'otovs at &eiS W”’ 

rnotive with high center ot crt'i^tT'i+Tr .ki * t ^^n. A loco- 

would combine the desirable featn^f^Q^^f bars, 
tendency, together with a minimum of desWh derailing 
railment caused by a track defect struction due to a de- 

in the early plrt o^the^pap^ ^oThe^Seff^lf statement 

dent of motive power and^the superinte^^dA^^+^^ f superinten- 

department, would like, if possible^ to operating 

changeable locomotive. denied th absolutely inter- 

proceeded to prove it was absolutelv ^^^en 

changeable locomotive. I believe^tVio-r inter- 

paper is correct; I believe fully it woihH^h I statement in the 

interchangeable locomotive if It is comm to have an 

It IS commercially possible. That 
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IS the whole POint in the matter, and it is not necessary to try 
to prove at all that such a thing is desirable. If the operating 
man can afford to spend, or if the company can afford to spend 
a large percentage more for locomotives for operating the trains 
over the road under a system which will make it necessary to 
have only one type of locomotive on the road, then it is com¬ 
mercially possible and quite practicable. 

Elmer A. Sperry: The Institute is to be congratulated upon 
so timely a paper as that of Messrs. Storer and Eaton dwelling 
as it does upon the detailed construction of the heavier class of 
ocornotives, especially with reference to the more general me¬ 
chanical arrangement, distribution of weights, methods of power 
trai^mission, etc. In connection with mechanical design it 
might be well to point out one other phase, namely, its bearing 
upon the development of draw bar pull, upon the apparent ad¬ 
hesion and also upon tractive effort. 

Many observations have been made in connection with slipping 
of drivers of locomotives, and of trucks, especially those employed 
in heavy service. There has also been considerable discussion 
with regard, to the internal stresses and especially the redistribu¬ 
tion _ of w^eights upon drivers under conditions of developing 
maximum draw bar pull. 

writer drew attention to the very large apparent 
difference between the total coefficient of adhesion as between 
separately driven and coupled axles. There were cases where 
the latter showed repeated and continuous evidence of develop¬ 
ing some 40 per cent more draw bar pull than the former. An 
investigation was started to ascertain the nature and extent of 
the difference between these two types. As the work progressed 
it was at once seen that perfectly concordant results were being 
obtained and that a law governed the case which could be ex¬ 
pressed by formula which was afterwards found to be a correct 
expression of the facts. This formula may be stated as follows: 

Maximum draw-bar pull with independent axles. 

P = 

wMm ~ 

2o\+l 

b 

in which 

P = the draw bar pull (maximum). 

W = the weight (total) of locomotive in pounds. 

(j> = the coefficient of adhesion. 

h = the height of bolster or drawhead. 

b = the wheel base. 

With coupled axles, either by rods or gears, the maximum 
pull is simply W (j>. 

It will be observed from the foregoing that in any truck where 
"the bolster height is cquciI to the wheel base, we are obtaining 
about 66 per cent of what we are really entitled to, and the 
coupling of the drivers will give us an increase of tractive effort 
of one-half more-, in trucks where the wheel base is If times the 
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m trucks where the wheel base is twiV^ u 1 1 more; and 

obtaining 80 per cent and the couplin- would vielJll * 

more. We thus see that this is not pt ^ -1 

but one of large magnitude.' t all an insignificant matter 



Fig. 1 


in which this priiic^k^o/counfi^ “ manufacturing locomotives 
mum draw-bar pull wL LrX^ 't ?® maxi- 

at that time, and even since, nan^ely,°tS dasrofbcomSs 



&e"pfg? adl*“""“ted with a single motor. 

Its annual meeting in Cida^o mf^ifg^to^^oe^^^^^ this body at 

o eiernng to experience and results 
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obtained with this class of locomotive under service cnnHI^+,'r.-nc 
®%J^nsactions for 1892, Vol. IX, page 397. 

dnvers of the locomotives referred to were in grouns of 

Luld sSeHn takiS^hrshort'^'d^*^ arranged so they 
complishing this purpose. 

■ 189?or\89f and°wf 9 ^^ t locomotive which was installed 
S it hS been ^ u P^^^^STSiph of the Same locomotive 

OT r^ore ^ ^0'^t“ually in service for some eighteen years 

bee?in CO to be unique in^that it has 

06n in Continuous sorvico for a lono'er -ni^rinrl fibo-n 

ment of which I am it 7 ^ ^ 

i°W?4e“oTe71^?er^^^^ 

recently some interesting tests have been undertaken 
to determining by experiment to what extend the 

the Ippar^n? fdhesfon ^ "Pf" truc£"affect 

locomotive belm/i'mrnP^^^ ^bove the rail, each 

slipping its drivers Tbto the point of easily 
Mippm,, Its dnvers. The log of the test is as follows: 


SLIPPING TESTS 

■— - 14.5 in. height drawbar above rail 

Amperes 

Drawbar pull 
at slipping 

Drawbar pull in 
per cent of weight 

415 

7000 

29.15 

412 

7200 

30 

435 

7500 

32.3 


Average. . .7316 

30.48 

--height 9t in. wheel base 48 in.—33 in. wheels, ti- 

375 

i 

7100 

29.15 

410 

7300 

30.4 

* ^50 

7500 

1 

31.3 

418 

7300 

30.4 

445 

7700 

32.15 

445 

7700 

32.15 

449 

7500 

31.3 

405 

7100 

29.6 

L —^_—_ L 

Average... 7388 

30.71 


•fl Zi. ^ 12-ton locomotive eaualized 

Si ^ sfinnif m tfal weight and having independently driven 
axles. Slipping took place at a drawbar pull of about ^50 lb. 
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with the 9.6-in. height of drawhead and 4850 lb. with 15.5-in. 
height of drawhead, averages of all the tests being as follows: 


Height of drawbar 


Drawbar pull 

Drawbar pull in 

above rail 

Amperes 

at slipping 

per cent of weight 

15.5 in. 

312 

4950 

20.6 

9.6 “ 

334 

5250 

21.85 


The average percentage of adhesion at point of slipping in the 
case of coupled drivers is about 45 per cent in excess of that in 
the two-motor equipment; same standard steel tires and identical 
rails were used in each case. 


12 TONS 



6,000 LB.<- 


V 


« 

C 

S3 


4,400 LB. 


4,400 LB.-•> 

3,000 LB. 

A 

its in. 


BACK FRONT 

12,000 12,000 

-[- 4,400 —4.400 

WHEEL PRESSURES 16,400 7,600 


MAX. D.B. PULL AXES COUPLED 

“ “ “ AXES INDEPENDENT 

INCREASED PULL DUE TO COUPLING,- 


6,000 LB. 

4,600 LB. 

PER CENT 


Fig. 2a 


This indicates that the coupling of drivers effects favorably 
and to quite an unexpected extent the apx^arent coefficient of 
adhesion. 

The nature of the shifting or redistribution of the weights as 
between the two axles upon an ordinary car truck or two-axle 
locomotive is very much greater than has been usually under¬ 
stood by builders of independently driven axle equipments, and 
the loss of capacity incurred has been generally underestimated. 
Ordinary practice with double motor street car or interurban 
trucks by the simple act of coupling would be entitled to be¬ 
tween J and J more total tractive effort than is obtainable with 
independent driving. 

When a locomotive or truck is pulling a load, there are only 
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two fOTces acting, which are external to the locomotive and in- 
dependent of any internal forces. These two are the pull at 

th? wheel 

nms against the track. If these two forces are not in the line of 
travel, a tilting action will be produced, tending to elevate one 

additionS^ weight on them, and transferring 

additional weight to the other pair.. As the draw head is 

iTh\fnV7lnS^^" always 

the draVl^ pu^f Anvers, due to the tilting effect of 

Tests were undertaken to determine just the extent of this 
redistnbution by apparatus shown in Fig. 4, namely the front 
axle of a four-wheel locomotive weighing 12^on“ 4 iin 
base, was placed upon rails B secured to a platform sc^fl 

the pSs ofi-lil^thllfnk^l? ^ between 

me pairs ot rails the link E was supplied to take up the reaction 

mthout interfering with the action of the scale. The driw head 

H was rendered adjustable as will be seen in the tablf 2d w J 





A: 






iBH 

■ 




Fig. t 


5 l>«ght by a 


Draw bar 

Decrease in load upon front axle 

Height 

PuU 

Observed 

Computed 

t 

12 in. 

6060 

1520 

; Probable limit of 
error in readings 

160 

——- - 

1515 

14 “ 

6100 

1800 

l> 

170 

1780 

16 “ 

6080 

2000 

210 

2030 

18 “ 

6010 

2300 

140 

2280 

20 “ 

6045 

2700 

180 

2520 

24 “ 

6030 

3150 

160 

3015 

35 “ 

inr\ • 

6020 

4500 

190 

4460 


example of ri 9 1 ^ definiteness, consider an 

^ 12-ton locomotive with a 48-in wheel ba<?P tt,« 

ni, we nno. tliat when, the draw-bar null iq onn • -lj. 

upen the rear ade is 116 per cent in S offitdgltTpt' 





1458 


ELECTRIC LOCOMOTIVE 


[July 1 


the forward axle. This is illustrated graphically in Fig. 3. 
Fig. Za shows the force diagram, followed by deductions 
therefrom. 

Summing up then, an electric truck or locomotive having two 
axles which are driven by independent motors has the weight 
on the forward axle reduced by an amount proportional to the 
drawbar pull 5 the pull it can exert is limited by the tractive 
effort of the least adhesive pair of wheels; because if one pair 
of drivers slips the other pair slips also. 

If the two pairs of wheels be coupled together it is clear in 
case slipping occurs all the wheels must slip together. Therefore, 
the shifting of the weight due to the tilting effect of drawbar ] 3 ull, 
does not decrease the maximum drawbar pull for although one 
pair of wheels gives a less pull than the other pair, the sum of 
the two js always constant, and since they must act together, 
the maximum draw-bar pull remains constant reeardless^of the 
tilting effect. The connecting of the wheels serves to automati¬ 
cally distribute the power of the driving motor between the two 

pairs of wheels in direct proportion to their respective adhesion 
to the rails. 

All that has been said about tractive effort is equally true 
and quantitatively so as regards increased capacity for breaking 

bads the 

front axle and lifts the rear axle, allowing it to slip at much lower 
brake pressures than are easily permissible with coupled drivers 
frank J. Sprague: Replying to Messrs. Eaton’s and Storer’s 

1 ^ n acknowledged that 

peoretically possible to build a low center of gravity 
locomotive to run at high speed, and the possibilities of a flexible 

is quite in line with a 

soZ^for^ yjr connection with ■ 

or damnS construction, properly restrained 

satisfaXt; consXcKor 

un^ttinrfr.!fr 1 ^^F®T“? somewhat 

unwittingly and naively introduces a new element of discussion 

results would have been appalling, but that, as constructed the 

t£ toSterTe°''b locomotives'in linJwitli 

with ?£r axes co^^^^^^ other wprds, motors 

which would have beenSrtbn with motfve powtfcSnbd^ 

vogue tllTinMhl 

ffck-?S?^ ^ connecting rods through intefmediSy' 

I will have to correct Mr. Storer’s statement. He said that 
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I took exception to the author’s statement to the effect “ that 
he superintendent of motive power and the ooerative Hp-nQi-t 
ment would like, if possible, Jhave an abToIuTetyS 

I proceed^ to nroveiw’^V^^”’ denying this statement, 

1 proceeded to prove that it was necessary. The quotation ic? in 

exception to the statement as actS riven in 

£ w^fdesLaKo W " standpoint ft would 

of handlint ^ ® locomotive which would be capable 

freivh? to thffasteirheaviest 
I : .t limited.” I stated that this was not de- 

sirable, but that on certain roads, like some mountain divisions 

rc]uii*^i^^l t^5 li * If ranges of speed which w^re 

/or a “ given unit 

3^7; fu ^ ^he same maximum drawbar pull 

S^lt Pie unirc££rol^ locomotives as required uS^; 

uiripie unit control. This is quite another thin? and its 

application becomes apparent when the makeup of^asseneer 
and freight trains in such service is considered Passenger 
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POWER ECONOMY IN ELECTRIC RAILWAY OPERA¬ 
TION-COASTING TESTS ON THE MANHATTAN 

RAILWAY, NEW YORK 


by H. ST. CLAIR PUTNAM 


The power required for the operation of electric railways 
can be predetermined with great accuracy providing the cars 
or trains are operated in the manner assumed in the calculation 
of the speed-time and power curves employed for this purpose. 
Unfortunately, the cars are seldom operated as they should 
be, and although allowance for this variation is made engineers 
have long recognized that a material reduction in power could 
be realized in electric railway operation if the motormen could 
be induced or trained to operate the trains in a manner ap¬ 
proximating the speed-time curve used in the preliminary 
calculations. It is proposed in this paper to describe some tests 
made on the Manhattan Elevated Division of the Interborough 
Rapid Transit Co., New York, in which a clock was used to 
record the amount of coasting employed in the operation 
of trains, the object of this device being to obtain from the 

motormen a better manipulation of the trains with the resulting 
economy in the use of power. 

The clock as used in the tests consists of a clock mechanism 
manufactured for factory and office use for recording the time 
of employes. To the balance wheel escapement a braking 
device has been added, as shown in Fig. 1, which is lifted free 
from the balance wheel by an electromagnet which is energized 
only during the coasting of the train. This permits the clock 
to record the coasting time only. Each motorman is provided 
with an individual key which he inserts on taking charge of 
the train and again on leaving. The turning of this key records 
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tiie motoniiaii's number or initials and the time as shown by 
i/ie clock niechanism; the difference in the time between the 
two records made by the key representing the total time of 
coasting during his run. The slip record is torn off by the 
motoroian and turned in to the proper official. This is checked 
up with liis running time, and the motorman is rated accordino- 
to the percentage that the coasting time is of the total time of 
his run, due allowance being made for variation from the sched¬ 
ule. His individual rating is based upon the average results 
of a week or month as may be selected. 

The electric circuits controlling the clock are interlocked 
with the master controller and the brake mechanism and ar¬ 
ranged so that the coasting clock will start only after the two 
actions of turning the power on and then off. The connections 


magnet 


armature 



brake on 


BRAKE OFF 


balance wheel 


fulcrum PfNlON 


STOP 


Fig. l.—Details of clock mechanism 

used are shown in Ficr 9 a.* 

as soon as the ah- brakes arrVoe^ "t stopped 

cylinder has started to move to the 

for any reason, after'the brakes are applied S" 
and additional coastin-' obtained S f ’ ^ 

this additional coasting'is lost from 

portant factor in normal ® 

coasting of this character is smiT amount of 

wn-1 u Curve Ch.a,racteristics. 

hile the principles involvpH i-n +u 
calculations in electric operation are ^ speed time curve 

purpose of making dear the ^ understood, for the 

t^at can be « 

operation of trains, which 
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It IS the object of this dock to encourage, the following brief 
discu^ton of the various factors entering into electric operation 

lo giVcIi. 

Accekratwn. The rapid acceleration of trains, providing 
the schedule speed is unchanged, results in an important savin- 

is lesrith' a h° speed reached 

less with a high acceleration, and consequently the train 

resistances somewhat less; second, and of much greater im- 



trolley. 




c 

CLOCK 



. 


, rr 

f_H 

— -•II 


^=0=. 


braking record 
CONNECTIONS 


Fig. 2—Clock connections 

portance is the fact that with a high rate of acceleration 
he speed at the start of breaking is less than with a lower 
rate and, consequently, the energy absorbed and lost in brak- 
mg IS less. The energy absorbed in braking is the essence of 
the whole subject, as in such train operation as that on the 
anhattan system, and to a lesser extent in single car operation 
the increased tram resistance resulting from the higher maximum 
speed due to a slow acceleration is unimportant and may be 
neglected. The only energy not ntilked in useful work “ 
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that absorbed in the rheostats in direct current acceleration, 
the motor and control losses and the energy absorbed in the 

brake shoes. 

The equipment provided naturally limits the permissible 
rate of acceleration, but within such limitations, a quick ac¬ 
celeration is one of the most feasible methods of reducing the power 
required in such service as exists on the Manhattan Railway. 

Fig 3 shows the typical average run on the Second Avenue 
line, using the same rates of acceleration and braking and 
length of stop as used in the original calculations for the electri¬ 
fication of the Manhattan system but using the train resistance 
as derived from tests made in 1905. This run as shown is 


1000 50] 


800 40 


I DISTANCE 0.335 MILES, STRAIGHT AND LEVEL, 
j 6-CAR TRAIN, 4 MOTOR OARS, 8 MOTORS. 

I WEIGHT OF TRAIN 154 TONS. 
acceleration 1.33 MILES PER HR.PER SEC, 
BRAKING 1.75 tt tt n << 

STATION STOP 14 SEC. 

I AVG. SPEED INCLUDING STOP 15.1 MILES PER HrI 



20 30 40 50 

SECONDS 

Fig. 3—Typical run 


representative of the average run on the Second Avenue line 
where the coasting clock tests have been made, and is also 
representative of the average run of the entire Manhattan 

STTe'c on the portion of 

Canal Street and 

Manhattan svi y' entire 

if 1 33 Sles ne h ■ acceleration used 

upon tne printed schedule of the road 

Fig. 4 shows the original speed-time iurve used in the elec- 
nfication of the Manhattan Division, and it will be noted is 
m close agreement with the curve shown in Pio- 3 

la Fig. 5 is shown the precentage increas'e in coasting time 
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resulting from the increase in the rate of acceleration from 0.9 
miles per hr. per sec. to two miles per hr. per sec., and the 
resulting decrease in power consumption, based upon an average 
run on the Second Avenue line. In the tests on the entire 
Manhattan system conducted on March 22, 1910 the accelera¬ 
tion of different motormen was found to vary from 0.9 miles per 
r per sec. to 1.47 miles per hr. per sec. Providing other factors 
of tram operation remain the same (that is, the braking, running 
ime and time of stop) the increase in the rate of acceleration from 
0.9 to 1.47 miles per hr. per sec. will result in an increase in the 



Fig. 4—Speed and power curves .for train with eight motors 
Gear ratio 71:18- 3.94—Wheel diam. = 33 in. 


percentage of coasting time from 0 to 40.5 per cent of the 
total time, and a saving of 36 per cent in energy consumption. 
A motorman on the Manhattan system on full runs will 
average about 600 car miles per day, and the energy used at 
the car with 0.9 acceleration will approximate 2.82 kw. hr. 
per car mile. As between these two motormen, therefore, 
providing the scheduled speed is maintained, the motorman who 
accelerated his train at an average rate of 0.9 rniles per hr 
per sec. will waste during the day 610 kw-hr. at the car. With 
SO per cent eSciency to the power house, this becomes 762 
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kw-hr. This energy of course must be supplied from the power 
house where additional apparatus must be installed to meet 
the demand. In practice the full saving of power resulting 
from better acceleration is not realized, owing usually to the 
better running time made by the good operator. This results 
frequently in his having to wait for the train ahead and by so 
doing, a large part of the saving in power which should follow 
his good operation is lost. The use of this clock should result, 
however, in a material increase in coasting time under such 
circumstances, with a resulting reduction in power. The men wdll 
learn to gauge their trains, and instead of stopping for the man 
ahead, will utilize the surplus time in coasting. In order that 



schedules shall be maintained, however, some sort of penalty 
must be imposed to prevent the motorm.an from over-doing 
the coasting at the expense of the running time. 

Series Running. In Fig 6, the effect of series running upon the 
percentage of coasting obtained and the resulting energy consump¬ 
tion is shown. It will be noticed that an increase in the percent¬ 
age of coasting obtained by reducing the am,ount of series 
running does not effect a corresponding saving in energy. This 
is due to the fact that while the total time during which 
power is applied is increased and the time of coasting reduced 
by holding the controller in the full series position, say for four 
or five seconds, the actu£il energy used remains practically the 
same because the additional power required on account of 
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if not application is offset in large measure 

f not entirely, by the saving in rheostat losses owing to the re 

uced time that the rheostat is in circuit in passing to full multi 




pie. This is shown in Fig. 7, which has been used in calcu¬ 
lating the results plotted in Fig. 6. A limited amount of series 
running, therefore, is not objectionable, and under certain 
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conditions it is better to run in series for a short time than to 
pass to the multiple position, especially where power is cut 
off almost immediately after the multiple position is reached 
as under certain conditions in approaching a station. The 
decrease in coasting time resulting from a moderate amount 
of series running does not therefore necessarily represent an 
increase in power consumption, unless the series running has 
been excessive. In this respect the coasting clock will give 
misleading results; but as under normal conditions there is 
little occasion for running in series, excepting around curves, 
the error thus introduced into the record is not important. 

Braking. A high rate of braking results in a reduction in 



power consumption for reasons similar to those existing 

as to the rate of acceleration. It permits thp ^ 

off at an earlier noint the power to be cut 

eneravnfi. ^ ^ coasting introduced 

energ}* otherwise wasted in the -k ^ ^^^‘^louucea, 

train brought to a quick stop Pp f +* ^he 

more difficult nf T Perfection m braking is much 

feet. The Zto^ ,wL “ ‘ 

•mist judge his distance, speed grSes 

^-eight of his train, and ovLruiinin^ th , 7’ 

delay Many motormen therefore operate on'the"'^r"'/'‘”°''' 
and feel their way into station = 1, lie safety 

crease in the power used if scheH / ^ resulting material in- 

F er used it schedules are maintained. 
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In Fig. 8, is shown the percentage of decrease in power on account 
of the increased percentage of coasting introduced by increasing 
the rate of braking from one mile per hr. per sec. to 2.25 miles 
per hr. per sec. These limits are frequently found in the operation 
of Manhattan trains. Two miles per hour per second is entirely 
practical as has been determined by carefully conducted tests. 
An increase in the rate of braking between the limits of one mile 
per hr. per second and two miles per hr. per sec. results in in¬ 
creasing the coasting to 48.5 percent, of the total time with a 
saving of 35.5 per cent in the power as well as the energy used. 



In^the tests made over the Manhattan system on March 22nd, 
the trains were not equipped for getting the braking rate. The 
average time required by the motorman in bringing the train 
to a stop varied from 10.2 sec. to 20.2 sec. This would indi¬ 
cate approximate braking rates of 1.15 and 1.90 miles per hour 
per sec. The higher rate would increase the coasting time from 
26 per cent for the lower rate, to 47.5 per cent, and result in the 

saving of approximately 280 kw-hr. per day by the better 
operator. 

StaUon Stops. In Fig. 9 is shown the influence of the station 
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stop. On the Second Avenue line, the average run is 0.335 
miles and the maximum possible stop with the maintenance 
of the schedule, and with no coasting, is 16.2 sec., assuming 
an, average run as typical, which is substantially correct for 
the purposes of the present discussion. A reduction in the 



PER CENT COASTING OF TOTAL TIME 


Percentage change in operating conditions and resulting percentage 

of coasting 



Fig. 10—Percentage reduction in power corresponding to percentage 

of coasting 

time of stop to 10 sec. results in an increase in coasting time to 
45 per cent of the total time and a reduction of 40 per cent in 
the power used. 

Coasting. The amount of coasting which a motorman can 
obtain and still maintain his schedule, is obviously the result 





1910] 


PUTNAM: COASTING TESTS 


1471 


of the factors of operation above discussed. The ideal amount 
of coasting will result from the observance of all these factors. 
The theoretical coasting as shown on the typical curve is 27.5 
per cent of the total time including stops. It has been shown 
in the above dicsussion that it is possible to obtain this amount 
of coasting and even to exceed it by changes in operation which 
are entirely within the range of practicability. 

In Fig. 10, is shown the percentage of change made in these 
operating factors and the resulting percentage of coasting 
obtained and the corresponding percentage decrease in power. 
It will be noted that it makes but little difference which factor is 
altered. The percentage of energy and power saved is substan¬ 



tially the same however the increased coasting is obtained. This 
of course is to be expected. It is well to point out the very large 
saving in power consumption which results in reducing the 
stop from say 15 sec. to 10 sec. assuming that the schedule speed 
remains the same. This results in the saving of 25 per cent 
in power through the increased coasting thus made possible. 

Energy Consumption. In Fig. 11, the calculated energy re¬ 
quired at the car, per car mile, is plotted under different con¬ 
ditions as to acceleration, braking and station stops as above 
discussed, these factors being plotted in terms of the result¬ 
ing percentage of coasting obtained. This curve illustrates 
graphically the very material saving effected by any change 
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in the methods of operation which results in an increase in the 
coasting time. 

Second Avenue Test Results. 

The results of the tests of the coasting clock which have 
been conducted on the Second Avenue line are plotted in 
Fig. 12. All trains on the Second Avenue line were equipped 



WEEKS ENDING 


12 —Coasting clock tests on Second Ave line 127th St., to 
Canal St.—Oct. 30 to Dec. 11 before clock installation—Dec. 18 
to Apr. 2 after clock installation 


with coasting clocks, and the energy supplied to the section 
between 127th Street and Canal Street was metered by direct- 
current integrating wattmeters on the substation feeders. 
Corrections have been made for heaters and light, and the watt¬ 
meter readings corrected in accordance with frequent cali¬ 
brations. 
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On account of the corrections that have to be made for heaters 
light, control and auxiliaries, the ressults obtained are necessarily 
approximate. Under these circumstances, therefore, the records 
are remarkably consistent and show graphically the material 
improvement in coasting which has resulted from the use of 
the coasting clock, and also the reduction in the energy required 
for the operation of the cars. 


In Fig. 13>, the kw-hr. required per car-mile as shown by these 
tests is plotted in terms of the percentage of coasting. 

In Fig. 14, the average curve obtained from the Second Ave¬ 


nue tests and the average curve as obtained from our calcula¬ 
tions, l)otli expressed in terms of kw-hr. per car-mile, ana tiie 


percentage of coasting obtained, are plotted on the same sheet. 
The agreement of those curves is remarkably close, the curves 



Fio. 13 -Kw-lu*. I'cquired per car-niile 


expressing the ixircentage of energy saved from the increased 
coasting |)ractically coincides Of course this is as it should be 
if the calculations and tests liave been correct. Quantita¬ 
tively, tire kw-hr. |)er car mile obtained from the tests is about 
seven per cent higlier tlian tlie calculations. The test results 
are measured at the substation while the calculations are at 
tlie car. Tlie difference would represent the third rail losses, 
Init it is lielieved tlnit tliey are somewhat greater than this 


wouit 


:atc, 


The important feature contained in 
curve is tliat on the Second Avenue line the increase in tlie 
time of coasting from 10 per cent as it was prior to the installa¬ 
tion of tlie clocks to 3'8 |,)er cent following such installation, 
resulted in a saving of 25 per cent in the energy required for 
traction, Tliis result is in agreement with what should be 
expected from the theoretical calculations. 
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Manhattan Tests—March 22, 1910. 

On Second, Third, Sixth and Ninth Avenue Lines. 

In order to compare the operating conditions existing on 
the Second Avenue line with the conditions on the other lines 



Fig. 14 

A-Kilowatt-hours per car-mile 

B-Percentage reduction in power resulting from coasting 


of the Manhattan system, on March 22nd a test train was 
run in actual sevice over all divisions of the Manhattan system. 
A seven-car train composed of four motor and three trail cars 
was used. Each trail car was equipped with one of the record- 
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RECORDING CLOCK TESTS—MARCH 22, 1910. MANHATTAN DIVISION. 
INTERBOROUGH RAPID TRANSIT COMPANY 



Power 

applied 

min. 

Coast¬ 

ing 

min. 

B raking 
min. 

Stops 

min. 

1 

Total time 
by watch 
minutes 

Second Ave. 129 to S. Ferry 






Test No. 1— Stop watches. 


18.8 

5.3 

7.0 

42.3 

8:01 a.m. S.— Recording clocks. 


19.6 

6.3 



Test No. 2— Stop watches. 


19.8 

4.4 

3.7 

39.1 

8:45 a.m. N.—Recording clocks (To 






127th St. only). 

10 5 

90 Q 

A. Q 



Test No. 5— Stop watches. 

12.0 

15.8 

5.0 

4.8 

37.5 

1:23 p.m. S.—Recording clocks. 

11.0 

17.0 

^ 7 



Third Ave. Bronx Pk. City Hall 

O • i 

■ 


Test No. 3— Stop watches. 

27.1 

7.5 

11.3 

10.4 

56.7 

9:45 a.m. S.—Recording clocks. 

26 0 


19 ^ 



Test No. 4— Stop watches. 

21.1 

^ • o 

15.4 

9.8 

8.9 

55.1 

10:53a.m.N.—Recording clocks.... 

19.8 

17.8 

10.0 



Sixth Ave. X55th St. to S, Ferry 






Test No. 6— Stop watches. 

19.2 

10.7 

8.6 

8.1 

46.8 

2:6 p.m. N.—Recording clocks (Start 






Battery Place). 

18 0 

11 0 

n A 



Test No. 9— Stop watches. 

19.9 

J. X « U 

10.3 

y. u 

10.4 

6.6 

47.9 

4:23 p.m. S.—Recording clocks. 

18 5 

11 

19 



Ninth Ave. 155th St. to S. Ferry 


X X • o 

Xa • o 



Test No. 7 — Stop watches. 

19.9 

8.1 

8.6 

6.0 

42.9 

2:55 p.m. S.—Recording clocks. 

18 2 

8 2 

8 7 



Test No. 8 — Stop watches. 

19.4 

9.1 

9.3 

4.5 

43.2 

3:39 p.m. N.—Recording clocks. 

17.8 

10.0 

9.3 


— 


AVERAGE OPERATING CONDITIONS. RECORDING CLOCK TESTS—MARCH 

22, 1910. MANHATTAN DIVISION 



Average 

Length 

of 

Average 

acceler¬ 

ation 

seconds 

Average 

Power 

applied 

seconds 

Average 

coast¬ 

ing 

seconds 

Average 

brak¬ 

ing 

seconds 

Average 

stop 

seconds 

Average 

total 

time 

seconds 

1 

run 

feet 

Sta¬ 

tion 

Sig¬ 

nal 

Second Ave. 
Test No. 1-S.. . 

1723 

11.4 

26.0 

41.7 

11.9 

13.2 

2.4 

95.2 

Test No. 2-N... 

1752 

11.5 

25.7 

45.6 

10.2 

8.8 

_ 

90.3 

Test No. 5-S... 

1723 

10.3 

26.7 

35.0 

11.2 

9.9 

1.3 

84.1 

Third Ave. 









Test No. 3-S,.. 

1767 

14.6 

42.7 

11.8 

17.9 

16.8 


89.2 

Test No. 4-N... 

1767 

12.8 

33.2 

24.2 

15.6 

13.2 

1.3 

87.5 

Sixth Ave. 
Test No. 6-N... 


14.5 

38.5 

21.4 

17.x 

14.3 

2.5 

93.8 

Test No. 9-S.. . 


11.4 

38.4 

19.9 

20.2 

11.2 

2.0 

91.7 

Ninth Ave. 









Test No. 7"S... 

1833 

17.2 

41.1 

16.7 

17.S 

11.3 

1.6 

88.5 

Test No. 8-N... 

1833 

19.1 

40.2 

18.7 

19.3 

9.3 

0.6 

88.1 
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ing clocks. These clocks were connected as shown in Fig. 2. 
One clock was used to record the coasting time, the second 
the time of power application, and the third the time of brak¬ 
ing. Stop watch records were also made of the time of series 
running and total power application, time of coasting, time of 
braking and time of station and signal stops. 

The result of these tests are tabulated on the preceding page. 


Second Avenue Tests 

The results of the tests over the Second Avenue line reduced 
to an average run are plotted in Fig. 15 in what we liave called 

Running Charts ” for each of the three tests on this division. 
These curves approximate speed-time curves in form, but 
naturally as the different factors which enter into tlie cliarao 
teristics of the curve are averages, the resulting curvci does not 
pretend to give the correct area and distance. The curve is 
but a picture of the average operating conditions of tlie run. 

It will be noted that motorman S in test No. 2 obt«aiiied 50.5 
per cent coasting, the largest amount recorded during the day. 
Of the three tests on Second Avenue, motorman 0 in test No. 5, 
obtained the smallest amount of coasting, 41.4 per cent and car¬ 
ried power for the longest time, 31.6 per cent, yet lie was the 
best operator of the two. If he had used the same time in 
making the run as motorm.an S in test No, 2, it would have been 
possible for him to obtain as high as 58.5 per cent coasting as 
shown by the broken line on test No. 5, and he could ha,ve cut 
his power application down to 22.2 per cent with a saving of 8 per 
cent in energy and as compared with motorman S in test No. 2. 
The good results in test No. 5 were obtained with an accelera- 
tion of 1.47 and braking of 1.85 (approximate) as com|)ared with 
an acceleration of 1.35 and braking of 1.75 (af)|)roximate) 
in test No. 2. The rate of braking indicated on these curves 
is approximate only, as the average braking includes the 
signal braking between stations and at curves in addition to 
the braking at station stops. The slope of the liraking curve, 
however, indicates quite accurately the relative rate of braking 
used by the motonnan. 

The motormen who operated the trains in tlie tests on tlie 
Second Avenue line were selected men and the runs were made 
to illustrate what could be accomplished after a thorough 
training of several months. The average coasting olitained in 
the three runs is 45.2 per cent. This indicates a reduction in 
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SECONDS 



SECONDS 


Fig. 15—No, 1. Typical running chart, 129th St. to South Ferry— 
8:01:20 a.m. to 8:40:43 a.m.—Motorman S— 

Schedule time 35 min—27 runs—Average run 1723 ft.— 

Average speed 12:3 miles per-hr. 

No. 2. Typical-running-chart, South Ferry to 127th St.— 

8:45:20 a.m. to 9:24:23 a.m.—Motorman S— 

Schedule time 34:5 min. 26 runs—Average run 1,752-ft.— 
Average speed 13:2 miles per hr. 

No. 5, Typical-running-chart 129th St. to South Ferry— 

1:23:15 p.m. to 2:0:45 p.m.—Motorman 0— 

Schedule time 35 min,—27 runs—Average run 1,723 ft.— 
Average speed 13.9 miles-per hr. 
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power consumption amounting to 34 per cent as compared 
with the conditions existing on this line prior to the installa¬ 
tion of the clocks. This, of course, is in excess of the average 
saving of all the men as these men were specially selected. 




Fig.^ 16—No. 3. Typical running chart, Bronx Park to City Hall— 
9:54:04 a.m. to 10:50:46 a.m.—Motorman C— 

Schedule time 51 min.—38 runs —Average run 1,767 ft. 

Average speed 13:5 miles per hr. 

No. 4. Typical running chart, City Hall to Bronx Park— 

10.53:45 a.m. to 11:48:50 a.m.—Motorman G— 

Schedule-time 51 min.—38 runs—Average run 1,767 ft.— 

Average speed 13.8 miles per hr. 


These tests also bring out strongly that any system of rewards 
or ranking of the men based upon coasting time should include 
a penalty for overrunning the scheduled time. 

The tests on the Second Avenue line, as observed, show 
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an average of 45.2 per cent coasting which corresponds to 1.70 
kw-hr. per car-mile at the car. 

Third Avenue Tests 

Fig. 16, shows the average Running Charts obtained from 




Fig. 17—No. 9. Typical runing chart. 155th St. to South Ferry 
4:25:07 p.m. to 5:13:00 p.m.—Motorman C— 

Schedulertime 43 min.— 31 runs—Average run 1,833 ft.— 

Average speed 13.7 miles per hr. 

No. 6. Typical running chart, Battery PI. to 155th St. 

2:06:37 p.m. to 2:53:25 p.m.—Motorman W— 

Schedule time 4:15 min.— 30 runs—Average run 1,841 ft.— 

Average speed 13.4 miles per hr. . 

the tests on the Third Avenue line. In the Third Avenue 
tests, the run south was made with the motorman whose turn 
it happened to be. This run shows 13.2 per cent coasting^ 
The run north was made with an experienced man and shows ^ / .b 
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per cent coasting. The difference is due mostly to the difference 
in the rate of acceleration, but partly to the braking rate and 
partly to an excessive amount of series running in test No. 3. 

These two runs show an average of 20.4 per cent braking 
which indicates 2.22' kw-hr. per car-mile at the car. These 
men, therefore, used. 30.6 per cent more energy than was used 
by the men on the Second Avenue test. 

Sixth Avenue Tests 

Fig. 17 gives the Running Charts of the two tests made on 
the Sixth Avenue line. The motormen were taken a,s they 
came, and it will be noted that their handling of the train is 
in fairly close agreement. 

On account of the number of turns on tiris line, the ainount 
of necessary series running is considera];)ly in excess of that 
obtaining on the other lines. The average coasting ol)tained 
was 22.3 percent. This corresponds to an energy consuin|)tion 
of 2.17 kw-hr. per car-mile. As coTn])ared witli tlie a.verage 
obtained in the Second Avenue tests, tins represents an excess 
consumption of 27.7 per cent. 

Ninth Avenue Tests 

Fig. 18 gives the Running Cliarts of the tests made on the 
Ninth Avenue line. The motormen were taken as they came, 
and it will be noted that the two men opei’at»ed tlieir trains 
very much alike. In both cases the acceleration was poor 
and the braking somewhat l:)elow tlie standard, both used 
a large amount of series running. 

The Ninth Avenue line is an ideal one on wliicli to ol)ta,iili. a 
large amount of coasting on account of the longer runs, easy 
schedule and long grades, yet the coastJng ol)tain(Hl l)y these 
two men wavS but IS.9 per cent and 21.2 per cent r(:5S|)ectively, 
and averages 20.1 per cent. As coni|)ared to tlie a.vcrage 
obtained in the Second Avenue tests, this reprcisents an excess 
consumption of 31.8 per cent. 

Clock Records on Ihird, Sixth and Ninth Avenue Lines 

In the tests conducted, on March 22nd, the in()t()rmcn were 
conscious of being under observation by the test crew as well 
as by their own road officials, and under such circumstances 
they naturally tried to do their best. The results obtained 
therefore, cannot be regarded as representative of actual con- 
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ditions, but can be taken as fairly representing the best that 
these men could do, and therefore, as illustrating the knowl¬ 
edge of the motormen in general. The tests were too few 
in number, however, and the conditions under which they were 
made were such that they are not regarded as representative. 




Fig. 18—No. 7. Typical running chart, 155th St. to South Ferry— 

■ 2:55:07 p.m. to 3:38:00 p.m.—Motorman M— 

Schedule time 40 min.—29 runs—^Average run 1,833 ft.— 

Average speed 14.1 miles per hr. 

No. 8. Typical running chart, South Ferry to 155th St.— 

3:39 :20 p.m. to 4:22:35 p.m.—Motorman C— 

Schedule time 40 min.—29 runs —Average run 1,833 ft.— 

Average speed 14.2 miles per- hr. 

In order to determine the fair average conditions as to coast¬ 
ing existing on all divisions of the system, tests were made 
on the Second and Third Avenue lines last fall and two trains 
equipped with clocks were put in regular service this spring 
on the Sixth and Ninth Avenue lines. 
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The average of these results should be fairly representative 
of the coasting conditions at present, as well as prior to the 
installation of the coasting clock on the Second Avenue line.” 
The men soon become aware of the trains etjuipjjed with 
clocks,^ however, and consequently are more careful in the 
operation than usual. It is probable, therefore, that the coast¬ 
ing data obtained from these tests are tibove rather than under 
the average conditions. 

The results obtained on the Second Avenue line will be found 
plotted m Fig. 12, and show that prior to the installation of 
the clock, the coasting averaged 10 per cent of the running 

time. These tests were started in October and continued 
daily to December 11th. 

Tests were made on the Third Avenue line last summer 
and the results agree very closely with those obtained at a 
later date on the Second Avenue line. Tlie data collected on 
a test of ten days duration is given below: 


THIRD AVENUE—vSCHEDUEE TIME~5{ MINUTICS 



Runs 

Avuraiie 
ninninili: time 
minutes 

Averufie 
coast inf; l,inu‘ 
Ml nut(‘s 

PtU' e<‘nt 
eoiuitinfi 

July 10. 

'7 

rr* ) i\ 



July 22 . 

( 

i\ 

31.3 

no ♦) 

(), 3 

8.4 

1 1 ,8 

July 27. 

v; 

V 

1<J.4 

July 28. 

••> 

7 


3.7 

7.1 

July 29. 

7 

, 1) 
n * j o 

3.3 

0.2 

July 30. 

7 

t"*') o 

2 .2 

0.1 

July 31. 

4 

OtiU 4 o 

ro /» 

3. 1 

9.7 

Auj^r. 2. 

*i’ 


0.2 

11.3 

Aui?. 3. 

Aur. 4. 

i) 

7 

7 

i)2. i 

32,0 

33.3 

32.7 

0.3 

3.9 

11.9 

11.2 

Average. 

f 

00 

3.9 

3.4 

11. 1 

10 ( 




Below is given 
Avenue line. It 
agrees very closely 
Avenue lines prior 


coasting tests recently made on tlie vSi.\th 
be noted tliat the amount of coasting 


to that existing on the Tliird and Hecond 
the installation of the coasting clock. 


SIX IH AVENUE “~vSCHEDUXwE TIMJ 


. ir** AH V/ i.VO 


Riin.s 

Averag(* 
running time 
minutes 

mniHihui time 
minutes 

Per e(>nt 
eoastd'ng 

March 28. 

March 29. 

10 

10 

45,9 

0.1 

12 '> 

'4 < # • MM 

March 30..... 

1 0 

40.8 

40.7 

3.7 

12.2 

March 31. 

X V 

o 

3.2 

11,1 

April 1... 

April 2. 

o 

1 n 

43.9 

44.0 

3.3 

3.0 

11.3 

8.2 

Averaf'e. 

X V./ 

50 

40.2 

3.2 

3.3 

11.3 

11.9 
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The Ninth Avenue line as already mentioned, furnishes an 
ideal one upon which to obtain a large amount of coasting, on 
account of its undulating grades, longer distance between 
stations, and easy schedule. In addition to this, the average 
train on this line is made up of four motor cars and two trailers 
instead of four motor cars and three trailers, as on the other 
lines. The effect of these factors is seen in the results obtained 
from the coasting tests which are given below. 


NINTH AVENUE—SCHEDULE TIME—40 MINUTES 



Runs 

Average 
running time 
minutes 

Average 
coasting time 
minutes 

Per cent 
coasting 

March 28. 

5 

37.7 

4.9 

12.9 

March 29. 

12 

38.0 

6.9 

18.0 

March 30. 

13 

36.5 

7.8 

21.4 

March 31. 

12 

38.0 

7.6 

19.9 

April 1. 

15 

37.3 

7.0 

18.7 

April 2,. 

12 

37.0 

7.9 

21.3 

April 3. 

8 

41.7 

8.3 

19.9 

Average. 

77 

37.8 

7.4 

19.1 




SUMMARY—COASTING DATA 


• 

Car miles 
per day 

Per cent 
coasting 

Second Avenue.. 

28,863 

10.0 

Third “ ... 

79,403 

10.2 

Sixth “ . 

46,571 

11.9 

Ninth “ . 

33,826 

19.1 



Average. 

188,663 (total) 

12.2 




From the above tests it is probable that the average coasting 
obtained on the Manhattan system approximates 12 per cent 
of the running time. On account of the fact that the motor- 
men are very alert to discover that they are under observation, 
it is probable that the actual amount of coasting is below, 
rather than above, this amount. 

Result of Equipment with Coasting Clocks 

In the table below is given the average coasting obtained 
during five weeks on the Second Avenue line, where the 
coasting clock has been in service for slightly over three 
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months. The average run on this part of the Second Avenue 
line, as already pointed out, closely approximates the average 
run for the entire Manhattan system. 


SECOND AVENUE LINE-COASTING DATA. COASTING CLOCK INSTALLED 

FOR THREE (3) MONTHS 



Average 
running time 
minutes 

Average 
coasting time 
minutes 

Per cent 
coasting 

Week ending March 5. 

28.7 

10.5 

30.8 

“ “ “ 12. 

28.7 

11.1 

38.8 

“ “ “ 19. 

28.5 

10.8 

37,7 

" " 26. 

28.5 

10.6 

37,0 

“ “ April 2. 

28.4 

10,1 

35.4 

Average. 

28.6 

10.6 

37.1 


Value of Power Reduction Through Coasting 

The result of these calculations and tests .shows that an 
increase in the percentage of coasting from 12 i)er cent to 27.5 
per cent as shown above, will effect a saving of 2':1 per cent in 
the power required for traction. 


Coasting vs. Power Measurements 

The various factors that enter into the operation of the 
train have been analyzed with a view to detennine which is the 
preferable element to measure. The choice practically narrows 
down to the measurement of either the power input fry watt¬ 
meter or time of application by means of a clock arrangement, 
or the measurement of the time of coasting. It is lielieved tliat 
it has been made clear tliat whatever good results are obtained 
from the bettei operation ot the train liy the motomien can only 
result in the saving in power through the increa.se in tlie coast¬ 
ing time. Coasting results in the recovery of energy already useil, 
and hence is the key to the problem. The coasting clock, 
therefore, gives a direct measure of the energy recovenul by 
the motormen and as this recovery can also only be made by 
cutting off the power application sooner, it is believed tliat 
it is the most effective element in train operation to measure. 
At the same time it concentrates the motonnan’s attention 
on that element of operation which is the direct reason for the 
reduction in power which results from changes in the methods 
employed as to the other factors of operation. 
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This subject has been discussed at some length, as it brings 
up some interesting features of electric train operation. Pre¬ 
liminary schedules for electric operation in service similar to 
that on the Manhattan system, usually included from 25 
to 30 per cent coasting, partly for reasons of power 
economy and partly to provide a factor of safety, as it has been 
realized that motormen do not operate their trains in com¬ 
pliance with the calculated speed-time curve. It is believed 
that the use of the device here described will not only insure the 
better operation of trains but will result in a material reduction in 
the.power used._ 

The writer is indebted to Mr. L. B. Stillwell and officials of the 
Interborough Rapid Transit Company for the use of material em¬ 
bodied in this paper. 
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Discussion on “ Power Economy in Electric Railway 
Operation Coasting Tests on the Manhattan Rail¬ 
way, New York Jeeferson, N. H., July 1, 1910. 

John B. Taylor: I wish to ask Mr. Putnam if the motormen 
have found any way to beat this clock. I have not studied the 
diagram very carefully, and wonder if by turning on the power 
and turning it off again immediately at a station, it would be 
possible for the motorman to make the clock record during the 
time of the stop. 

A. H. Armstrong : The problem of reducing energy consump¬ 
tion of a train is now pretty well understood, and I am very glad 
to see that active steps are being taken to keep a record of the 
performance of the motorman. It is well known that rapid 
acceleration decreases the amount of power consumed in fre¬ 
quent stop service, but in connection with that I would ask 
Mr. Putnam if he has noticed any increase in the ragged ap¬ 
pearance of the substation load curve, and whether the more 
rapid acceleration used has called for any appreciable increase 
in substation and distribution system capacity. 

Rapid acceleration may be carried too far where the service is 
infrequent, and it is possible to approximate its benefits without 
unduly increasing the maximum demand per train by resorting 
to a very high rate of acceleration in series and a lower rate 
with the motors connected in parallel. The advantages in so 
doing are_ two fold. It affords a quicker get away from the 
station with a corresponding abrupt angle of the speed-time 
curve, and reduces the maximum demand of the train and the 
motors in multiple running where it will most effect the dis¬ 
tribution system and the operation of the motors themselves. 

N. W. Storer: This paper has been of great interest to me. 
It is certainly a great satisfaction to feel that railway operators 
are at last beginning to realize the necessity for careful instruc¬ 
tion of their motormen, and the saving that can be effected by 
proper operation. I believe that ignorance of the correct 
theory of operation is at the bottom of a large part of inefficient 
operation of electric railways. I have great faith in the motor- 
men of interurban railways, and believe that if they are prop¬ 
erly instructed, they can usually be relied upon. The great 
trouble is not so much with the motormen as with the managers 
of the road. 

The installation of the “ coasting time clock ” described by 
Mr. Putnam will automatically instruct the motormen as to 
the best method of operation, and will be a good check on them 
as well. This method seems to me to get at the root of the 
matter much more quickly than the use of the wattmeter. It 
has the great merit of giving the men practically one point 
to look out for, and if this one is kept constantly in mind, the 
efficiency of operation will undoubtedly be high. 
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L. B. Stillwell: The facts set forth in the paper which Mr. 
Putnarn. has presented are an excellent illustration of what 
may be called effective team work between the consulting 
engineers and intelligent, alert operative men. I quite agree 
with Mr. Putnam’s suggestion that at times w^e are hard on the 
manufacturers, in asking them to do almost the impossible. Of 
course, it is^ right to obtain the best that is reasonably practi¬ 
cable, but in doing that we may be overlooking many op¬ 
portunities for economy in our own particular province in the 
field of construction and operation. The value of the economies 
effected by the introduction of this coasting clock on the Man¬ 
hattan Elevated Railway system in New York is extremely 
striking. The power bill of that division of the Interborough 
Rapid Transit Company approximates $4,000 a day. A reduc¬ 
tion of twenty-five per cent is about $1,000 a day, and ^-ou can 
see what that means. That has been accomplished by the 
joint work of the consulting engineers and operating men. The 
particular device used is due to the operating men, who have 
very intelligently developed something which is effective with 
their motormen. They propose to establish a system of premi¬ 
ums, which wdll further stimulate the attention and effort of the 
motormen. 

Referring to Mr. Armstrong’s question, the effect has not 
been to increase the average acceleration, but to bring it up 
to what it was intended to be, not beyond what the substation 
was designed for, but to the standard of economy which the 
engineers originally intended in laying out the plant. The de¬ 
sirable coasting period, as determined theoretically is thirty- 
five to forty seconds, the actual performance without the clocks 
being only twelve. This condition of affairs required the in¬ 
troduction of a clock. The clock has brought the performance 
up to the economic standard set by the engineers. 

Wm. McClellan: There is a point to wHch he refers, that I 
would emphasize in connection with Mr. Putnam’s paper, and 
that is the question of lengthening out the coasting time at the 
end. My own experience is that it is difficult to get amntor- 
man to brake a train in what you might call the theoretically 
efficient manner; in other words, the habit which the motorman 
has of putting on the brakes long before they need be put on, 
then letting them go, then applying them again, and letting them 
go again, etc.; and I think that this is a loss which the measuring 
of the coasting time would eliminate more effectively than any 
other power consumption on the train which is measured. The 
saving can hardly be estimated, but is very great, which could 
be secured from the elimination of this habit of the motormen 
of applying their breaks and releasing them without occasion. 
That point is referred to in the paper, but not emphasized. 

Frank J. Sprague: The striking facts set forth by Messrs. 
Putnam and Stillwell are a somewhat tardy contribution to the 
efficiency of coasting and quick acceleration which have been 
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advocated since the South Side Elevated road in Chicago was 
first operated electrically. No reference has been made to 
automatic acceleration. When developing electric elevators 
and establishing the secondary control of controllers, I quickly 
realized that the personal element of a man was a small thing 
to rely upon for perfect service; that to get even torque on motors, 
reasonable strains on apparatus and a proper consumption of the 
supply of electricity, whether from a battery or a dynamo, 
the movement of the controller should be automatically ac¬ 
celerated and controlled. In the case of the South Side road, 
where the first multiple trains were installed, every main con¬ 
troller was fitted with a throttle which permitted the controller, 
under control of the master switch, to automatically accelerate 
to either series or multiple position, at a rate determined by the 
amount of current passing through the motors. 

Economy of operation between stations depends primarily on 
two things; first, the quickest, safest and most comfortable ac¬ 
celeration, and second, the maximum safe and comfortable brak¬ 
ing. ^ The necessary amount of coasting is determined by the 
relation of these two. Automatic acceleration, now used on most 
recent equipments, performs the first function. That, however, 
is not enough, for while it removes from the motorman the personal 
element in starting his train, he is still privileged to continue 
to accelerate, coast for a short distance, and meddle with the 
brakes in any way he sees fit. The introduction on the Man¬ 
hattan Elevated Railway of the coasting clock, to check the 
operating engineers on that road by determining the coasting 
time, is an excellent method of insuring a fuller measure of the 
value of coasting on a railroad. Mr. Stillwell has pointed out 
that it means saving $1,000 a day in power supply in the case 
of that one road. It also means something else, for referring to 
the figures given in Mr. Putnam^s paper, I estimate that it 
would have effected on the Manhattan Elevated Railroad a 
saving of about 5,000 kilowatts in initial equipment, which 
represents^a capital cost of anywhere from $500,000 to $750,000. 

L. B. Stillwell: ^ The figure I mentioned, viz., $1,000 a day, was 
meant ^ to include interest on the capital cost as well as the car 
operating cost. 

N. W. Storer: There was one point I neglected to mention 
in my^ previous remarks, and that was to speak of the series 
operation which Mr. Armstrong brought out so well. I agree 
with him heartily, and want to mention that it is perfectly pos¬ 
sible to arrange the control, as has been done in some cases, to 
accelerate at a high rate in series, and any other fixed rate in 
parallel, so as to get the automatic acceleration which certainly 
is most desirable. 

G. H. Hill: The acceleration portion of the speed-time curve 
is undoubtedly the most important with relation to the comfort 
of passengers and the economy of power. As Mr. Sprague 
pointed out, the adoption of automatic control removes this 
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element from the influence of the motorman. As Mr. Storer 
mentioned, and as in operation in different places, this can be 
accomplished either at a constant current per motor, or at 
different predetermined rates in series and in parallel. That 
leaves only two elements of the curve which may be varied 
according to the judgment of the motorman. 

If there were developed a practicable system of automatic 
braking (that is, a system wherein the braking effort is applied 
automatically as some function of the speed), the proper amount 
of coasting would, for a given schedule, take care of itself. 
Such a system of braking is somewhat complicated, and has not 
to my knowledge been used. With heavy trains, operated 
at speeds higher than now usual in a service requiring frequent 
station stops at a high rate of braking, it may possibly become 
a desirable or necessary feature. 

Mr. Putnam’s apparatus aims at the desired result by checking 
the coasting period, so as to induce the motorman to reproduce 
as nearly as possible the proper predetermined run cycle. The 
results seem to fully justify the complication and expense in¬ 
cident to its use. The arrangement of circuits and apparatus 
illustrated can I think be somewhat simplified and perhaps 
improved so as to be self contained and quickly applied to any 
car. The scheme certainly seems more practicable than the use 
of recording wattmeters, which are sometimes advocated for a 
similar purpose. 

H. St. Clair Putnam: Several questions have been raised 
in the discussion of this paper which I will take up as briefly 
as possible. Mr. Taylor has inquired what precautions have 
been taken to prevent the beating of the clock by the motor- 
men. This subject has been carefully considered by the de¬ 
signers. The diagram of the connections used for measuring 
the time of coasting is given in the paper. All electric contacts 
and magnets used in the operation of the clock are placed 
inside the case excepting the contacts which are made and broken 
by the operation of the brake cylinder. The latter are placed 
beneath the car. It is impossible to cause the clock to register 
coasting time without manipulating these contacts and at the 
same time having the controller handle in the second position 
or beyond, so that the motors as well as the clock will receive 
current. This is practically impossible for the motorman to 
accomplish. In addition to these precautions, in the case of 
the Manhattan Elevated system, the clocks are placed on the 
trailers, entirely out of reach of the motorman. 

Mr. Taylor suggests that it might be possible for the motor- 
man to beat the clock by turning power on and then off again 
immediately during the time of stop. While this, of course, is 
nhvsicallv nossible, yet it is impracticable because the actuating 
Current il taken from the second point of control, which the 
motorman cannot reach without moving the. train, and if he 
attempts to hold the train with the brakes, the clock is im- 
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mediately stopped. If he can coast into the stop the clock 
will continue to register, but as such a stop results in the largest 
possible return for the energy used, owing to the energy other¬ 
wise lost in braking being used to move the train, the mckorman 
is entitled to all the credit he can obtain in this manner. Practi¬ 
cally it will be impossible for the motorman to make such 
stops^and maintain the schedule, and in most cases it is practi¬ 
cally impossible for him to make a stop without using his brakes, 
or stand still with his brakes off, because of grades. 

Mr. Sprague, Mr. Armstrong and Mr. Storer have commented 
upon the subject of the reduction made in the amount of energy 
required by increasing the rate of acceleration. This has long 
been ^recognized. The possibility of its accomplishment in 
electric operation, and especially in multiple unit operation, is 
one of the most important advantages obtained in electric 
traction. The am.ount that this acceleration can be increased 
is limited, in any particular case, by the capacity of the equip¬ 
ment provided.^ As Mr. Stillwell has pointed out, however, it 
is not the function of this clock to increase the acceleration over 
the amount for which the equipment has been designed, but to 
obtain in practice the acceleration that was contemplated by 
the engineers in selecting the electrical equipment for the 
system, including motor cars, substations, feeders and power 
house. As all operating men know, ,and as our tests of the 
Manhattan Elevated show, the motormen do not attain in 
practice the acceleration that they are instructed to use. This 
clock has demomstrated that under the guise of increasing the 
coasting time, the advantages of rapid acceleration are forced 
upon the motormen, and the desired result attained. 

Mr. Sprague and Mr. Hill have called attention to the benefits 
to be derived from automatic acceleration and that this would 
take one of the elements of the speed-time curve out of the 
centred of the motorman, and assist in accomplishing the results 
desired. This is true, but one of the most important factors in 
the operation of the Manhattan Elevated system which resulted 
m increasing the amount of the coasting obtained in our tests 
was not so much an increase in the rate of acceleration, as im¬ 
provement in the manipulation and handling of the trains. 

^ This is illustrated by the fact that since the clock has been 
installed, the motorman coasts up slowly behind a preceding 
tram, when delayed by the train in front, instead of coming up 
lull speed and then applying the brakes and coming to 'a stop 
as IS usually done. This results in a material reduction in the 
energy used. Furthermore, the motorman soon finds that he 
can increase the amount of coasting and still maintain his 

stops can be cut down, so he gets after the rest 
tram crew to cut the stops as short as possible. As most 

ot the crew are candidates for promotion, they are forced to 
respond. 

Mr. Hill has also called attention to the possibility of auto- 
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matic breaking, and Mr. McClellan has emphasized the 
importance of braking. If automatic braking were possible of 
accomplishment in a practical manner it would be most de¬ 
sirable. The proper braking of a train on such a system as the 
Manhattan Elevated is the most difficult part of the operation 
to obtain from the motormen, as judgment, skill and experience 
are required. Such an automatic device, if perfected, must of 
necessity permit the motorman to increase or decrease at will 
the rate of braking fixed by the automatic device, so that he can 
make^his proper stop at the station platform. There are many 
practical difficulties in the way of the attainment of this result, 
though I will not say that it is impossible of accomplishment. 
Experience gained on the Manhattan system, however, has 
shown that the installation of the coasting clock has resulted 
in a radical improvement in braking as well as in acceleration, 
and that with this device, the theoretical speed time curve as 
used by the engineers in designing the equipment of the road can 
be closely approximated in the average results obtained, while 
some of the motormen by careful handling of their trains obtain 
even better results. 

Mr. Armstrong and Mr. Storer have suggested that a rapid 
acceleration can be used in the series position, and a reduced rate 
in multiple, with the result that a fair average rate of acceleration 
can be obtained without compelling the substation to take -care 
of such high peaks as would otherwise result if the same running 
time were made by using a uniform straight line acceleration 
for both control positions.’ There are many advantages in this 
method of operation, especially for interurban roads where the 
substation capacity is limited, and the trains infrequent. With 
the short headway used on the Manhattan system, however, 
the advantages of such a method of operation largely disappears. 
As already has been pointed out, the strength of gears, motor 
capacity, and the comfort of passengers, limit the practical 
rate of acceleration that can be used. In all cases, if this rate 
of acceleration can be employed in series, the average of both 
the power and energy required will be reduced by using the same 
rate of acceleration in multiple, for the simple reason that in a 
large system such as the Manhattan, all apparatus in the power 
house, substations and feeders can be operated at their heating 
and economical limitations, and any reduction in the energy 
used therefore results in a corresponding reduction in the ap- 
paratus‘ required. 

In the case of interurban roads and other roads of limited 
service, the improvement made in the operation and handling 
of equipment resulting from the installation of some such device 
as this coasting clock, might result in the ability to reduce the 
rate of acceleration used during the multiple period, with a 
resulting reduction in the average rate of acceleration, and a 
corresponding reduction in the peak load on the substation 
feeder system and power house, without reducing the scheduled 
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Speed. This again, however, would have to be balanced against 
the cost of the increased energy used. In most cases, especially 
where the service and stops are frequent, the ^ higher rate ot 
acceleration usually will be found most economical. 

P. A. Banceli Mr. Putnam points out clearly the^ key to 
economical operation of heavy city railways by sa^ng that 
the energy absorbed in braking is the essence of the whole 
subiect One means of reducing the amount of energy lost in 
Sking is to retSd the speed of the toin by causing it to climb 
a grade. By running a train up a slight grade as it approaches 
a station, and down a similar and equal grade as it leaves the 
station, an interchange of kinetic and potential energy ^is secured 
and corresponding saving in power obtained. The principle m- 



Fig. a.— A~B, acceleration due to gravity plus motors; B-C, acceleration 
due to gravity plus motors on motor curve; C, end of 3 per cent down 
grade; C-0, acceleration on level, due to motors on motor curve 
(resistance all cut out); D-E, coasting on level track, retardation due 
to train resistance; E-F, coasting on 3 per cent up grade, retardation 
due to gravity plus train resistance; F-G, braking, retardation due to 
brakes, gravity and train resistance. 


volved is evidently similar to that employed with elevators, 
where counter weights retard or brake the speed descending, 
and assist the motion in ascending. 

The saving produced by applying such a principle to electric 
railway traffic can best be shown by an example. Taking the 
train of Fig. 3, assume that the train leaving the station at 
time zero, is on a 3 per cent down grade. Since the force of 
gravity acting on the train is 154 tons, the accelerating force in 
the direction of motion will be 3/100X154X2000 = 9240 lb. 
Now the force necessary to produce an acceleration of 1.33 miles 
per hp. per second (the acceleration of Fig. 3) is 18620 lb., as 
found from the well known expression, force = mass X accelera¬ 
tion. Since the 3 per cent grade is providing 9240 lb. accelera^ting 
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force, it is now necessary to obtain only 18620—9240 or 9380 lb. 
accelerating force from the motors of the train. This is ap¬ 
proximately 50 per cent of the original force necessary. 

If then a train of the same weight were equipped with motors 
of but half the capacity, and drew only half the current from the 
line, the same resistance acceleration would be obtained on a 
3 per cent down grade. This line, A shown on Fig. a is 
therefore identical with that of Fig. 3 of the paper. 

All the resistance being cut out, the motors accelerate on the 
motor curve. Assume now that the 3 per cent down grade lasts 
till the end of the 20th second. From the time that the resistance 
is all cut out at the 12th second, up to the 20th second, the 
train is also being accelerated by the component of its weight, 
9240 lb., acting in the direction of motion. At any second the 
accelerating force along the motor curve is proportionate to the 



kilowatt input divided by the speed. Assuming that at any 
instant with the motor equipment reduced by half, the ac¬ 
celerating force due to the motors is also reduced by half, figures 
are obtained from which the accelerating curve from B to C 
and B to D was calculated. ^ From B to C acceleration is due to 
both motor force and gravity, and the actual velocity at any 
instant was obtained from the acceleration, which in timn was 
derived from the total accelerating force at the same instant. 
This accelerating force has been seen to be the sum of the 
constant 9240 lb. and the variable motor accelerating force. 
The curve from C to D is the plain motor acceleration curve. 

Bv assuming 3 per cent down grade for 20 seconds, followed 
by level track, it is seen that the speed time curve obtained 
coincides very closely with the original. The rest of the clmrt 
is constructed by following similar calculations, uhe line 
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is the braking due to the upgrade alone, while F G is that due 
to both the up grade and the actual brakes. The point E was 
determined by trial to make the area under E F G equal to 
that under A B CD. Thus the distances of up-grade and down¬ 
grade are equal. From the areas the actual distances arc cal¬ 
culated as 370 ft., 3 per cent down grade, 1020 ft. level track 
and 370 ft., 3 per cent up grade. By assuming these distances, 
and grades, the whole speed time curve is made to coincide very 
closely with the original, so that their areas and therefore the 
total distances traversed in either case are the same. 


The saving to be obtained by such a see-saw arrangement of 
grades has already been indicated. For the same rate of 
acceleration about half the kilowatt-hour input would be re¬ 
quired, and only half the motor capacity would be nec'ded. 
The kilowatt-seconds input saved where grades are used is 
shown by the shaded area and this is roughly that origi¬ 
nally necessary. It is interesting to note that the time 
during which the brakes are applied and therefore the energy 
absorbed in braking ’’ is correspondingly reduced. 


Fig. b is drawn to show the result when using the original 
motor accelerating force and motor equipment, with trade ])rofile 
similar to that for Fig. a. The total accelerating force is a.ga,in 
increased by reason of the gravity component wliilc thc^ motor 
accelerating force is equal to that with the original train, so tliat 
the maximum speed is readied much sooner. J'lie areas under 
the speed curves and therefore the distances travea'sed in Ixitli 


cases are approximately the same, and 
shown by the difference between areas 


sa.ving in ])owc‘r is 
n’ the kilowatt curves, 
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A METHOD FOR DETERMINING THE ADEQUACY OF 
AN ELECTRIC RAILWAY SYSTEM 


BY R. W. HARRIS 


The adequacy of a railway system is often a point of conten- 
tention between the public and the company. The many law¬ 
suits and investigations carried on by various regulating bodies 
is evidence of this fact, and such cases are always a source of 
trouble and expense. In many instances they are unnecessarily 
brought about by “ chronic kickers ” who take advantage of 
every opportunity to gain political popularity through an at¬ 
tack on the railway company for lack of cars, unreliability of 
service, etc. The answers to such complaints are generally 
so indefinite and technical that the ordinary layman finds it 
difficult to obtain a satisfactory explanation and understanding. 
Consequently, there is a continual complaint and disturbance 
among the traveling public because, perhaps, of alleged in¬ 
sufficient accommodation and the lack of a fair knowledge of 
the railway business. 

As a matter of fact, companies often do not know’' definitely 
whether or not their systems are really serving the public in 
the best possible way. A necessary requisite of successful 
operation is to satisfy as conveniently as possible the require¬ 
ments of the public that are established by a natural develop¬ 
ment of the community. The petty whims and fancies of the 
few are not serious factors in determining the adequacy. There 
are, however, certain habitual movements (barring a certain 
amount of indiscriminate travel by pleasure seekers, shoppers, 
etc.) which the traveling public forms that are comparatively 
stable in character and magnitude. They are the natural re¬ 
sultant of the various routes automatically established by the 
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passengers. These movements occur daily and, in general, 
do not fluctuate in direction, for when the habit of making a 
“ usual ” trip over a certain route is once formed, it is seldom 
broken. 

Every city has its manufacturing, wholesale, retail, and resi¬ 
dence districts definitely located and these are clianged only 
very gradually through years of growth and development. Con¬ 
sequently, the origins and destinations, except in a few cases, 
will not change materially. 

The extent to which these prevailing movements are met 
is an important index of the adequacy of a railway system. 
Adequacy involves many delicate and technical ([uestions of 
a more or less intangible nature. The extreme fluctuations in 
the amount of travel caused by different weather conditions, etc., 
make it impossible, as well as impracticable, to endeavor to 
meet all peak conditions of travel with sativsfaction to all. 

It is the purpose of this paper to bring out certain conditions 
which were encountered wliile making an investigation into 
the adequacy of The Milwaukee Electric Railway & Ivight 
Company’s railway system for the Railroad Commission of 
Wisconsin, under the direction of the author, and to sliow how 
they were considered. 

If a system is adequate, it must be sufficient to care for tlic 
reasonable demand of the traveling public in its various f()rms as 
well as to be in line with a well directed plan to care for |)resent 
and future business economically. The routing of tlie cars 
that serves the largest number of people by the most direct 
route, at times when the traffic requiix‘S it, free from delay and 
with a sufficient number of sanitary cars so tlie average amount 
of traffic will be comfortably cared for, is higlily desirable. 
These are very material factors in establishing an ade([uate 
system. A failure to provide any one of these arxM)irnTi()d(iti<)ns 
will result in an attack, sooner or later, on the com|)any for 
giving poor service. In most cases the conditions l)econie ex¬ 
aggerated in the minds of the public through the la-ck of su fficien t 
understanding of the business and, as a result, the coniiitiny 
may sacrifice a part of the public’s good will. 

A system that satisfies the above requisites, carried to such 
an extent that the amount of investment recpiired and costs 
incurred will not exceed a reasonable proportion of tlie earnings 
as well as to be a convenient link in a systematic plan arranged 
to care for future growth of business, might be said to be an 
adequate system. 
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The particular layout of a city and the franchises that may 
be secured enters the case to such an extent that it is often im¬ 
possible to establish a direct route for all classes of passengers. 
These, together with many other difficulties, may make it im¬ 
possible to secure an adequate system in the strictest sense of 
the term. An adequate system, from a practical point of view, 
is one that will handle the demands of the public in the shortest 
time by the most direct route with as little distortion of head¬ 
way as possible, and with the least inconvenience to the passen¬ 
gers. Reliability of service is necessary. If the regular head¬ 
way is frequently distorted to such an extent that the public 
suffers from the lack of regularity in the service, the system 
is inadequate, since it does not supply the reliability character¬ 
istic. The nature of these various conditions are radically 
different, and are peculiar to each city. Each company must 
study its own characteristics of service and determine its own 
method of handling various conditions. There is very little 
reliable data to be had regarding the detailed features of service. 
However, considerable has been written regarding general 
conditions in various localities. 

The data and curves shown in the following pages are not 
the result of a theoretical deduction but are compilations of 
data taken by a trained force of inspectors along a definite, 
pre-arranged outline so designed as to show the various con¬ 
ditions as they exist in the system’s operation. All data were 
observed on the street and compiled so as to show clearly the 
features of operation. No dependence has been placed upon 
any records of the company that were obtained in the form of 
trip sheets, and general data collected by supervisors, etc. The 
effects of numerous personal elements of the uninterested train¬ 
men, who so often fail to appreciate the importance and use 

of such information, do not enter. 

A genetg-1 study of the movement of people during the day 
revealed the fact that there were four distinct periods during 
which the majority of people travel. These periods were very 
easily determined, for during such times the amount of travel 
was much greater than that during other portions of the day. 
They were designated arbitrarily as Period No. 1, Period No. 
2, Period No. 3 and Period No. 4, and were found to occur, 
respectively, from 6:00 a.m. to 9:00 a.m.; 11:00 a.m. to 2.00 
p.m.; 5: p.m. to 8:00 p.m.; and 10:00 p.m. to 11:00 p.m. 

The adequacy of the system will be measured by the con- 
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ditions existing during these periods since all features of traffic 
will be encountered in their greatest degree of effectiveness. 
The rate of flow of passengers, so to speak, resulting in the largest 
demand for cars, is greatest during these periods as well as the 
amount of congestion in the down town districts, all of which 
are material factors in distorting headway. During these 
periods, certain classes of passengers are easily agitated and 
become abusive to the company on account of inconveniences 
experienced due to late cars, overcrowding, etc. This feeling 
becomes intensified with any neglect on the part of the company 
to rectify and improve such conditions. 

A careful investigation of each line and a determination of 
the characteristics during the peak periods are the first requisites 
that lead to a definite measure of adequacy. 

A definite plan was outlined for conducting a study of the 
system that would determine the practical working conditions 
as mentioned above and so arranged that all similar observations 
made by the inspectors would be on the same basis. Each 
inspector was assigned a line to observe and was directly re¬ 
sponsible for securing accurate and reliable data. He made 
a preliminary study of the line with a view of locating the 
principal points where the most people boarded and left the 
cars. These were selected as points of observation. A sufficient 
number of points were chosen for each line that would give the 
main characteristics. As a rule, from 6 to 14 or 15 points were 
selected, depending upon the traffic of the line. 

The following data were observed for all cars on each line 
going in each direction, at all points of observation, and through¬ 
out each period, with possibly a few exceptions. This method 
required the inspector to spend practically a day at each point. 
As a matter of fact, however, his time was distributed along 
the line so as to give characteristics that would embody the 
various conditions occurring during a long period of time: 

Time car arrived at point of observation. 

Direction car is going. 

Number on car body. 

Total number of passengers. 

Total number of passengers in front vestibule. 

Total number of passengers in car body. 

Total number of passengers in rear vestibule. 

Number of passengers leaving car. 

Number of passengers boarding car. 
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Class of passengers. 

Conditions of vehicular traffic. 

Conditions of pedestrian traffic. 

x411 data could be obtained by count or close estimates ex- 
cepting the class of passengers and condition of vehicular and 
pedestrian traffic. These were recorded according to the fol¬ 
lowing arbitrary scheme: 

Passengers. 

1st class—^Professional and business people. 

2nd class—Clerks and shoppers. 

3rd class—Laborers. 

Vehicles and PedesHians. 

1st condition—Few in number. 

2nd condition—Considerable amount but not enough to 
cause delay. 



Fig. 1. —Fluctuations of traffic—Oakland-Delaware line (south end) 

Period 1 


3rd condition—Sufficient amount to cause much delay 
to cars. 

At first glance it might seem that the amount of data to be 
taken of each car going in each direction is more than could be 
expected without sacrificing accuracy, and especially when the 
time spacing of cars is often as short as ten seconds; this feature, 
however, is overcome by practice in making observations. As 
a matter of fact, the inspectors became so efficient that the data 
was found to be 95 per cent accurate by test, which is sufficiently 
close for this class of work. This data does not embody sufficient 
information to establish all characteristics of the lines and it 
was found necessary to obtain various miscellaneous data of a 
general character. This general investigation was made of each 
line by the inspector to supplement the detailed data which 
had been secured by the service inspection. 
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Considerable time was spent in observing the operation of tlie 
line and its surroundings in a casual way with a view of determin¬ 
ing any special features of the line that were characteristic 
of all lines, as well as those that were more or less local The 
following gives an outline of the data required of the ins|)ectoT 
in making the general report of his line: 

(a) Divide line into characteristic sections (bound each 
roughly) and discuss each as to class of passengers, time of 
travel and probable destination. 

(b) Locate various origins of passengers along line, obtain 
as closely as possible their destination and |)rol)able route. 
(Refer to factories, etc). 

(c) wState transfer points and give an idea, as to the nundjer 
(in percentage of passengers leaving car from wliicli tra,nsic!i' 
is made) transferring to other lines (name tlie lines) in various 
directions. 



Fig. 


2.—Fluct uat ions 


of traffic—Oakland-Dclaware line (soutli end) 
Period 2 


(c) Determine the attitude of the public served by tlu^ 
particular line as regards the service given by tlu5 company. 
This can be done by several casual conversations witli |)a,ssengers. 

(e) Make a few specific observations (record count) of tlie 
movement of the passengers (seated passengers to vestibtde 
and vice versa) in the car as it approaches tlie stop in downtown 
and outlaying districts. 


(A few continuous trips through the districts under investiga¬ 
tion during the various periods will proliably give the informa™ 
tion desired.) 

The above included a general reference to the tra.nsferring 


question but, on account of the im,possibility of determinin|.: 


the number of people leaving or boarding the car who Imld 
transfers, this data had to be supplemented by a study and 
classification of the transfers actually collected by the company 
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(Fig. 11). On account of the endless amount of work thus 
involved, it was considered advisable to classify the transfers 
taken on a representative day and qualify this information by 
that secured in the general report. 

An investigation of the headway that existed in the various 
districts along the lines is embodied in the requirements of the 
detailed study. For the sake of comparison and assistance 
in determining what was the safe minimum time spacing of 
cars for any section of track, certain observations were made 
in various cities in the middle west where conditions were 
somewhat similar to those found in Milwaukee. The result 
of these observations are shown in the following pages. 

The above gives a general idea of the method used to secure 
the field data. There are, however, many minor details omitted 
that perhaps would be of interest but, for the sake of brevity. 



Fig. 3.—Fluctuations of trafific—Oakland-Delaware line (south end)— 

Period 3 

they are left to be inferred from the various tables, curves, etc. 

While there was a marked difference in the amount of traffic 
during the various periods of maximum travel, as compared 
with other times of the day, yet the traffic was, by no means 
constant during any period. As a matter of fact, the traffic 
during one portion would be radically different from that of 
other portions of the same period. Fig. 3 gives an example 
of the curves showing the fluctuation of traffic during the periods 
of maximum travel with time as one axis and total number 
of passengers as the other. The most characteristic point 
of each line was selected and a similar traffic fluctuation curve 
plotted. These curves show a very pronounced difference 
in the amount of travel between practically two parts. A 
reference to Fig. 3 shows a maximum period from 5 p.m. to 
6:30 p.m. and a minimum period from 6:30 p.m. to 8 p.m.; 




TABLE I. SUBDIVISIONS OF PERIODS OF CONGESTION FOR VARIOUS LINES 
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these are termed “ maximum sub-period ” and “ minimum sub¬ 
period ”, respectively. This feature prevails throughout period 
No. 1 and Period No. 3, occurring practically at the same time 
for all lines (see table 1.) During Period No. 2 this characteristic 
is not so prominent and, on account of the comparatively small 
amount of travel, it was considered unnecessary to sub-divide 


TABLE II. SUMMARY OF PASSENGER DATA MUSKEGO EIGHTH STREET 

LINE 


Per¬ 

iod 

Sub- 

period 

Place 

Direc¬ 

tion 

Ave. No. 
people 

Ave. No. of 

Ave. No. 
pass, on 

Ave. No. 
pass. 

on 

car 

in 

car 

body 

vac¬ 

ant 

seats 

pass. 

stdg. 

front 

vest. 

rear 

vest. 

on 

off 

3 

5-6 :45 

Sth & North 

N(out) 

5526 

4426 

— 

2 

522 

92 s 

226 

426 

3 

6 ;45-8 

U 

(t 

32^3 

2513 

17 

— 

38 

610 

213 

413 

3 

Ave. 

c: 

it 

4839 

3839 

4 

— 

430 

833 

239 

439 

3 

5-6 :45 

7th & Walnut 

a 

6928 

5428 

— 

12 

627 

1028 

428 

228 

3 

6:45-8 

U 

(( 

379 

309 

12 

— 

37 

68 

59 

19 

3 

Ave. 

U 

(( 

6137 

4837 

— 

6 

534 

936 

537 

237 

3 

5-6 :45 

7th&Chestnut 

ic 

7026 

5426 

— 

12 

625 

1026 

326 

126 

3 

6 :45-8 


it 

389 

329 

10 

— 

36 

49 

39 

19 

• 

3 

Ave. 

U 

a 

6135 

4835 

— 

6 

631 

935 

335 

135 

3 

5-6 ;45 

3rd & State 

a 

6326 

5226 

— 

10 

526 

722 

526 

026 

3 

6 :45-8 

U 

<< 

2710 

2410 

18 

— 

35 

44 

210 

110 

3 

Ave. 

a 

u 

5336 

4436 


2 

431 

626 

436 

036 

3 

5-6 :45 

3rd & Grand 

a 

5920 

4626 

— 

4 

523 

825 

1626 

126 

3 

6 :45-8 

U 

it 

219 

189 

24 

— 

34 

28 

99 

29 

3 

Ave. 

il 

u 

4935 

3935 

3 

— 

527 

733 

1435 

135 

3 

5-6:30 

Reed & Natl. 

N(in) 

1614 

1514 

27 

— 

24 

25 

414 

114 

3 

6 :30-8 

U 

(t 

1919 

1519 

27 

__ 

26 

46 

119 

110 

3 

Ave. 

It 

ti 

1724 

1524 

27 

— 

210 

311 

324 

124 

3 

5-6:30 

llth&Green’f 

t( 

1113 

913 

33 

— 

25 

42 

113 

013 

3 

6 :30-8 

U 

tt 

1016 

910 

33 

— 

26 

25 

216 

016 

3 

Ave. 

Ct 

it 

1129 

929 

33 

— 

211 

27 

129 

029 


it. Incidentally, these curves give a slight idea of the headway 
as it actually occurred. 

The detailed observations were classified, compiled, and 
arranged according to these sub-periods as shown, for example, in 
Table 2. These results show an average of several observations 
during a sub-period at any point of observation. For the sake 
of a correct interpretation of the data, the number of observa- 
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tions upon which each average is based is shown by an exponent. 
These averages are plotted and form, a basis for tlie “ car demand 
curve ”, Fig. 4, one axis of which is the number of people on 
the car while the other represents the line in question drawn 
to scale and shown as if the route were straiglit. Separate 
curves were plotted for each sub-period as well as for the entile 
period and arranged so the same vertical axis is c()nuTi()ti to all, 
but with the horizontal axis so placed that the curves could lie 
easily compared. On account of period No. 4 being tlie theater 
period, during which the traffic is more or less local, investigation 
into its characteristics was confined to a general study. Practi- 
callyall the characteristics of this period werefound to lie effective, 
to a general degree, in Periods No. 1, 2 and 2. For this reason 
it was considered that any scheme sufficient to meet the reciuire- 
ments of the other peiiods would satisfy those oi Ptu'iod No. *1. 
lienee, no further investigation was made. 

The average number of people on the car for t.hat [larticular 
period or sub-period was plotted and represents the averagt^ 
number of people arriving at that particular point of obsm'va- 
tion. Through this point, and parallel to tlie horizonta.l axis 
a line is drawn of such lengtli as to represent tlie averages n uni her 
of people leaving the car. From the extreme lei tend oi this anotlier 
line is drawn, superimposed upon tlie former, of such a length 
as to represent the average number of peoiile boarding tlie car 
at this point. The right end of this line then represents tlie a.vcr« 
age number of people on the car as it leaves the point < (>1 iservation, 
This point was then joined by a straight line to tlit^ |)oint re|)re * 
sen ting the average number of people arriving at t.lie next |)oint 
of observation. The slope of the line joining any two |ioints 
represents approximately the resultant of tlie various clmnges of 
load through the intervening territory, 

The diagram at the left is drawn to scale and re|)resents tlie 
class and extent of territory served by the liiui in (|U(5Stioin 
The information upon which the classification of territory is liased 
was obtained from the general report ment.ioned in |)revious 
pages and later outlined on the map, Fig. 5, after wliicli tliat 
portion served by each line, either alone (ir in taaijuncticm witli 
other lines, was shown by the respective caj'-demand curve, 
These car-demand curves sliow, at a. glance, t.lie princi|)al 
characteristics of the line, the time, amount a.nd dura;tion of 
travel, origin of passengers, as well as their destination; and, 
by reference to the “district diagram,” the class of petqile anri 
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extent of territory served, can be seen. The average number 
boarding and leaving the car at any point of observation 
as well as the general tendency of the load to increase or decrease 
in a certain territory, is also shown. All these facts have a 
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Fig. 5.—Routing of the Milwaukee Electric Railway & Light Company’s 

lines 

very material bearing upon the- adequacy. A little study of 
the conditions, in connection with the general layout of the sys¬ 
tem, gives a definite idea as to whether or not the passengers 
are carried over a direct route to their destination. 
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The adequacy, however, is not fully determined until tlie 
number of cars in service is compared with the demand lot 
cars. By associating the curve with the number oi ()l)servations 
upon which the car averages are based, an idea ol the iivei <.ige 

number of people carried can be had. 

The number of cars per hour required dei)ends naturaJly 
upon the number of people to be carried as well as the numl)ei 
that can be carried by one car. The number oi |)eo{>ki that; 
can be carried, under average conditions, with cornitirt to :dl, 
or the “ comfortable load ” as it may be called, is eijind to tlie 
seating capacity of the car plus the number tliat will l)e willing 
to stand by preference. It is to l)e understood tliat tlie ctnm 
fortable load is not the maximum allowable load a car slionld carry 
but is that which, under average conditions, will comfortably ac>* 
commodate the passengers. The rate of flow, so to s| )t;a,k, of the 
traffic is entirely beyond the control of the comiiany and v<‘ry 
often is such that the cars become unexpeeUully o\a‘rcn*owded. 
Such conditions are likely to occur at any time, and ofttm wlien 
least expected. No practical arrangement or schedule ca;n lie 
devised that will provide comfort under all conditions to eviu'v 
one. 

Fig. 6 shows the result of the classification a,nd averajfing of 
approximately 9000 observations, and gives accurate informat ion 
regarding the number of people who are willing to stand of t.lieir 
own accord for various degrees of loading. Tlie horizontal 
axis represents the degree to which the car is load<uI wliile 
the vertical axis represents the average of all oliservations nuuh‘ 
for any particular load. The number of ol)Serva.tions iqion 
which each average is based is given. 

The average seating capacity of a Milwardaa; city car is 
42. A reference to the curve shows that eight people are willing 
to stand when the car is loaded with 42 peo|)]e. (lonsidmang 
the vast number of observations made and tlie consist.ent curvti 
obtained by plotting the averages for tlie dilTerent degreits of 
loading, it is reasonable to believe that there exists a wtdl 
grounded law regarding the average proportion of a loail wliicli 
will be willing to stand by preference. It is reasonable to 
believe that eight is a consistent number for this degree of loa,iling. 
Hence, the comfortable load will be 50 peo|)Ie. A lint; drawn 
through 50 on the horizontal axis of the car«demand curvtg 
parallel to the vertical axis, establishes a reference line. From 
this it is easily seen through what territories, at what times, 
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the direction of travel, and the amount that the line is inade¬ 
quate from a service point of view. A measure of this inadequacy, 
during any period of maximum travel, can be readily seen by 
observing the average number of people who are forced to 
stand through the territory, multiplied by the average number 
of cars used, and this divided by the comfortable load. This 
gives the number of additional cars required. The averages 
referred to, however, are not necessarily arithmetical averages 
of the numbers shown on the curve, but are such as represents a 
fair figure for the particular territory when the conditions, 



Fig. 6.'—Number and percentage of passengers standing on cars by 

preference 

as shown by the curve, are modified by local features and good 
judgment. 

The scheduled headway, or time spacing of cars, is scarcely, 
if ever, effective, to any degree of certainty during any great 
length of time, for many reasons, as for example, delay due to 
railroad crossings, opening of bridges, exceptionally heavy 
vehicular traffic, delay of other cars, slippery tracks, and other 
operating features that are continually fluctuating and uncertain 
in character. It must be considered, in the design of any 
schedule, that the headway should be such that with the amount 
of distortion which usually exists it would not be less (fewer 
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seconds) than a certain safe minimum amount. This minimum 
time spacing of cars may vary for diflhrent places wliere a difterent 
combination of conditions is in existence. It is tlu! determining 
factor that fixes the “ full load ” capacity of that section of 
track. 

The following is the method used in determing the sate 
minimum headway at which cars can be operated on (irand 
Avenue near Third Street, where double tracks crossing double 
tracks are used in connection with one pair of opposite ([urulrrints 
one more than the other. All figures are based upon accurately 
observed data taken in Milwaukee and com|:)arcid with similar 
observations made in other cities. (Table (>). 

In determining the safe minimum licadwa,y from data, ol)- 
served in the field, the basic elements were eonsidcnaul se])ara,tely: 

A. The minimum safe practicable time spacing of cars wlnni 
in continual motion unaffected by any delay. 

B. The average amount of delay of any given car due to causes 
arising from other cars operated over the satne^ or intcn’secting 
tracks. 

C\ The average amount of delay due to causes having tiledr 
origin within the car under consider<ati()n. 

Specific observations were made of tlie rdiovc elements the 
results of which were shown on tlie variotas tables. Tlu^ residts 
of the basic elements embodied in group A are given in I'alile M 
by which it is shown that the average safe minimum time spacing 
between consecutive cars, under these conditions is 8.d secorids 
for 49 observations, taken during the congested period. In 
calculating this table, allowance was mad(;; first, for tJie sfiace 
covered in one second at full speed, to allow tlio trjun crew to 
act; second, for the distance reqxiired to sto]) the ca,r at tlie ob¬ 
served speed with an assumed negative acceleration of Ik miles 
per second; third, for a clear space of 15 feet between ears 
when stopped. 

Group B and C Elements. Conditions winch may cause delay 
to the movement of the cars in one direction under conditions 
found at Third vSt. and Grand Ave. are: 

(a) Car ahead going in same direction upon approaching tlie 
intersection but taking the curve. 

(b) A car taking curve in nearest quadrant but resulting in 
going in the opposite direction. 

{c) One car crossing at right angles. 

(d) Two cars crossing at right angles but going in opposite 
directions. 







TABLE III. TABLE SHOWING TIME SPACING OF CARS AT THIRD STREET AND GRAND AVENUE AS AFFECTED BY GROUP A ELEMENTS 

(Time of stops and intersections is not considered here) 
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supervisor, 
j' switches lie- 


(e) Regular service stops. 

(/) Unusual vehicle and pedestrian traffic. 

(g) Delay due to hesitancy of motonnan ; 

(h) Delay due to hesitancy of cars approac 
fore taking curves. 

(i) Any other conditions. 

Observed Data Relating to Above Conditions. 

TABLE no. IV 


Date of 
observa¬ 
tion 

1 

Period 

of 

traffic 

Time 

of 

count 

(1) 

Total No. 

of cars 
approach¬ 
ing 

curves 

(1) 

Total 

No. of 
cars 
taking 
curve 

Per 

cent 

(2) 

(1)“ 

Rp 

11/21/08 

1 

7:00-8:00 a.m. 

55 

17 

1 

30.9 

Ordinary 

lions 

i u" 

11/20/08 

2 

12:00-1:00 p.m. 

54 

16 

33.8 

1,.) 1 4 ii 4 t A V '< 

Same a.s a 

11/20/08 

3 

5:15-6:10 p.m. 

91 

31 

34.1 

Maxinnnn 

tioiis 

traffic 


(а) Since the problem resolves itself into safe operation 
for maximum conditions, it is advisable to use those as found 
in Period No. 3, or 34 per cent. 

(б) Conditions same as (a), for as many cars take curve at 
Third St. and Grand Ave. going north as tliose tliat take curve 
from north going east, or 34 per cent. 

(c) Data on cars crossing at right angles. 


Date of 
observa¬ 
tion 

Period 

of^ 

traffic 

Dura¬ 
tion 
of 1 

count 

(1) 

Total 

cars 

crossing 

going 

west 

(2) 

Total 

cai*s 

crossing 

going 

north 

(3) 

Total 

cars 

crossing 

going 

SOtltll 

(2) + (3) 

I'cr cent 

(2) "f' (3) 

(4) 

1/13/09 

3 

5:15 to 
6; 15p.m. 

08 

08 

59 

127 

187* 


(Congested cars taking curves not considered). 

l/U/09 I Between! I0:03toi 39 [ 30 j 35 

lU:03a.m| | 1 

(Non-congested ears taking curves not considered) 


71 




Noth;* Relation (in per cent) of cars on two tracks to those on one intersecting track 
during the given interval. This percentage is here used as a measure of tlie tendency to 
interruptions. 

{d) Two cars crossing at right angles but going in c)|)posite 
directions. Approximately ID per cent of total cars make a 
straight intersection. 

ie) Regular service stop; may be made by any car (100 per 
cent). 
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(/) All cars are submitted to usual vehicle and pedestrian 
traffic (assume 10 per cent). 

{g) Approximately 50 per cent of all cars are delayed, due to 
hesitancy. 

, ih) About 75 per cent of all cars taking curves are delayed 
on entering curves. 

(i) Any car may be delayed approximately two seconds 
for other reasons. 

Note-: It should be remembered that each of the above 
elements (a) to {i), inclusive, relates to interruptions caused 
by a preceding or intersecting car. 

TABLE 5. DETERMINATION OP THE COMPOSITE DELAY DUE TO GROUPS 


B AND C ELEMENTS 
(By weighted averages) 


Cause or 
condition 

Per cent of cars 
affected 
as observed 

Seconds 

delay 

Seconds 

X 

per cent 

a 

34% 

15.4 

523.6 

b 

34 

15.4 

523.6 

c 

187 

9.9 

1851.3 

d 

10 

13.0 

130.0 

e 

100 

15.2 

1520.0 

f 

10 

8.0 

80.0 

g 

50 

5.0 

250.0 

h 

75 

5.0 

375.0 

i 

100 

2.0 

200.0 

Total 

600 

• 

5453.50 


Weighted average delay for 1 per cent of cars observed is 
9.09 seconds. 

As shown in table 4 the number of cars actually observed 
was 91 and is represented by 100 per cent in the above table. 
From this the composite delay due to the causes listed under 
groups B and C is 9.99 seconds, or 10 seconds. 

The minimum safe practicable headway is, therefore, 8.3 plus 
10 seconds, or 18.3 seconds. By a comparison and interpretation 
of data obtained in various other similar cities (Table 6) it is con¬ 
sidered that the operating speed in Milwaukee is somewhat faster 
than that of other cities. For this reason a minimum safe practi¬ 
cable headway of 20 seconds is more conservative. It will permit 
a maximum of 180 cars per hour to pa-ss a given point in one 
direction with safety. A comparison of this minimum safe 
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headway and the headway in operation on Grand Ave,, near 
Third St.,(see Fig. 7) gives an idea as to the adequacy of this 
section of track. Forty-eight cars out of 197, or 25.4 per cent, 
were operated at a headway which, under favorable average 
conditions, is equal or less than the safe minimum time spacing. 
If there is no possible way of reducing the amount of distortion, 
and the same scheduled headway is required as shown by the 
car demand curves, then this section is inadequate for the lines. 
A re-routing scheme, therefore, becomes necessary. The 
adequacy of any section of track, from a safety point of view, 
can be determined in a similar way. 

The average actual headway of the various lines in the down ^ 
town district for periods No. 1 and 3 is approximately 6 minutes, 



Fig. 7. Actual conditions of headway of all cars on Grand Ave. 


Fig. 8 shows the headway as observed in the down town district. 
Out of 6433 observations there are 4237, or 65.9 per cent less 
than the average headway; 890, or 13.8 per cent equal to the 

average headway, and 1306, or 20,3 per cent greater than the 
average headway. 

In other words, then, 20.3 per cent of the cars, so to speak, 
are inconveniently spaced from a point of view of reliability! 
Since this amount is made up of spacings above 6 min., and 
range in length up to 20 min., some idea can be obtained as to 
the reliability characteristic of service. 

As hinted before, this distortion may be due to causes which 
cannot be controlled but there are, however, certain environ¬ 
ments that can be influenced with proper care on the part of 
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the coinpaiiy and assistance on the part of the passengers. A 
very important condition effecting headway is the time required 
for service stops. The stop should be made at a definite point 
suitable for all conditions of travel thereby reducing the amount 
of confusion caused by passengers boarding and leaving the 
car. The rate at which the passengers board and leave cars, 
together with other minor conditions, practically determines 
the length of service stops. Figs. 9 and 10 show the results of 
an investigation made in various cities by which the fact is 
brought out that Milwaukee traffic is much slower than that 



Fig. 8. —Time spacing of cars as observed at principal points—Period 

1 and 3 

in other cities, especially when a large number of people desire to 
board or leave the car. In fact the Milwaukee traveling public 
is practically 25 per cent slower than that found in St. Paul, 
Minneapolis, Duluth, Indianapolis and St. Louis. It is to be 
noted that practically identical curves were obtained by plot¬ 
ting data observed in Milwaukee on different days. 

The use of properly worded signs, etiquette on the part of 
the employees, as well as a little cooperation by the public, 
etc., are necessary to reduce the distortion of headway which 
results in an increase of the reliability of service. 

The author has endeavored to bring out, in a very general way 
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a method for determining the amcjunt of service, given hy 
a railway system as well as to show an exam[)lc of a method 
for showing the requirements of the ]>ul)lic in a, six;- 



MUMDEIt OF PASaGNOERS OOARDINQ CAR 

Fig. 9.—“Movenient of passenj.?crs boardiii}.? t‘ar;: 



6 10 15 510 20 ao » 

Fig. 10.—Movement of passengers, leaving ears 


cific case. A correct knowledge of the various conditions incn« 
tioned'above is an invaluable asset to the company’s o-perating 
data both with a view to satisfying the demand of the public 
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as well as a check on the economical features of operation 
and investment. 

ho attempt has been made to show the method of arriving 
at a satisfactory schedule; however, the time, direction and 
amount of travel are shown on the car demand curves. It 
has not been the object to determine what is an economical 
“yearly load factor” for the cars or the relation this 
load factor bears to the investment required. The author has 
made a special study of these features but on account of their 
importance and length of discussion involved they are not 
embodied in this paper. The data and description contained 
in the foregoing pages represents observed conditions regarding 
a special case where only surface lines are operated and is given 
with a view of bringing out a discussion that will afford many 
suggestions which will aid in determining the amount of service 
necessary to care for any given demand. 


TABLE 6. DATA SHOWING AVERAGE SPEED AND TIME FOR MAKING INTER¬ 
SECTIONS AS OBSERVED IN ACTUAL OPERATION IN VARIOUS CITIES 


I. Speed Observations. 
(a) Congested period. 




No. of 
observa¬ 
tions 
averaged 

Feet 

per 

second 

Miles 

per 

hour 

Remarks 

Milwaukee 

conditions. 

49 

12.27 

8.4 


Indianapolis 


28 

13.00 

8.86 


St. Louis 

ii 

7 

8.65 

5.9 

Av. peak conditions 



1 

4.6 

3.1 

Blocked 



4 

12.45 

8.5 

Cars moving freely 



12 

9.58 

6.54 

Total average 

Minneapolis 

H 

30 

9.08 

6.2 


St. Paul 

« 

26 

14.14 

9.65 


Duluth 

ll 

31 

12.51 

8.53 


(i>) Non-congested Period 





Milwaukee 

conditions . 

36 

14.26 

9.73 


Indianapolis 

U 

15 

16.01 

10.93 


Minneapolis 

ll 

31 

14.91 

10.16 


St. Paul 

Ll 

30 

19.27 

13.13 


Duluth 

ll 

30 

13.40 

9.13 



(c) Miscellaneous speed observations to show effect of a few causes of delay. 


Milwaukee conditions. 

... 6 

13.34 

9.11 

Average frequency and 
free movement of 
cars 


3 

16.90 

11.53 

Frequency decreased. 
Free movement of 
cars. 


1 

8.05 

5.50 

Much delay. 


11. Intersection and Curve Observations. 

(a) Congested Period. 

One car making a straight intersection (from the time the front end of car passes over 
switch frog until rear end is clear of second crossing track). 
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Number of 
observations 
averaged 


Seconds 


Milwaukee 
St. Louis 
Indianapolis 
Minneapolis 
St. Paul 


conditions. 


i< 

n 

u 


2(5 

14 

10 

28 

ir» 


9.0 
9,2 
10.;} 
10.0 
7,8 


Two cars making a straight intersection, but going in oiipositc directions (from time front 
end of first car blocks traffic until last car clears). 


Milwaukee conditions. 


1.1 


i:i.() 


Two cars taking curves of same quadrant, but going in ojjitojute, direction (from time 
first car enters curve until curves are cleared). 

Milwaukee conditions. 1.1 18.8 

Indianapolis “ . 9 12,3 

One car taking a curve (time front end of car enters curve until rear end clears curve). 


C'ity cars 
Suburban cars 


Milwaukee 

conditions . 

• • * MM 

1 o. 4 

St. Louis 

4i 

t) 

• » 

7 o 

Indianapolis 

44 

,1 

13 

lit, 8 

11.4 

Minneapolis 

11 

- . . i 

14.3 

St. Paul 

•4 

14 

10.8 

Duluth 

<1 

13 

8.8 


One car taking a curve with one car making an intersection re.sulting in both can; going in 
same direction ( from time front end of first car blocks traffic until lust ear cleurtd. 

Milwaukee conditioms. .1 M,7 

(b) Non-congested period. 

One car making a straight intersection (from the lime tlu; front end of car {lasses over 
switch frog until rear end is clear of secoml croa.sing t ack). 


N umb<,‘r of 
olxservation.s 
averaged 


Seconds 




Milwaukee conditions.. 28 Id.t) 

Minneapolis “ . 21 8.4 

St. Paul “ . 18 7 JI 

One car taking a curve (time front end of car enters curve until rear end ehsars eurw 


ti 

44 


Milwaukee conditions. 
Minneapolis ** 

St. Paul 
Duluth 

III. Service Stops. 

Congested period. 

Period 1. 

Period 2. 

Period 3. 




:14 

17 

1,7 

11 


14.2 

9.H 

8.9 


31 

20 


10.1 
14.9 
13.1 

IK *) 
* W . «M 


Average, 
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SOME RECENT DEVELOPMENTS IN EXACT ALTER¬ 
NATING-CURRENT MEASUREMENTS 


BY CLAYTON H. SHARP AND WILLIAM W. CRAWFORD 


In common with other laboratories, the Electrical Testing 
Laboratories have found that the more exacting demands of 
modern engineering work for precise alternating current measure¬ 
ments, have outstripped the capabilities of the older methods 
of measurements. It is the purpose of this paper to describe 
certain of the new methods and apparatus which have been 
developed in response to these demands. 

The development of a method of measurement involves first, 
the establishment of certain theoretical relations between the 
quantity to be measured and known quantities, and second, 
the design of the apparatus for the application of the method. 
If the method together with the apparatus is such that it can 
be successfully applied to making accurate measurements under 
the conditions of ordinary engineering work, its field of usefulness 
is greatly extended, for it is often desirable to make tests outside 
the laboratory. 

There are many important measurements which are outside 
the range of ordinary commercial instruments. Among these 
are the measurement of electrostatic capacities, self and mutual 
inductances, and of extremely large and extremely small values 
of voltage, current, and power. For the measurement of large 
quantities, the range of ordinary instruments is extended by 
means of voltage and current transformers, but the measurement 
of the ratios of the transformers presents a problem requiring 
special methods. 

It is well recognized that zero methods furnish possibilities 
for precise measurements beyond the capabilities of deflecting 
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instruments, inasmuch as the quantity to be measured is balanced 
against some other more easily measured quantity, and the in¬ 
herent errors due to the mechanical moving parts,—springs, 
suspensions, divided scales, etc., of indicating instruments, are 
avoided. In precise direct-current work, zero methods are used 
to the exclusion of all others. 

In alternating-current measurements, zero methods have 
not been used to so great an extent, largely because of thedack 
of proper facilities for applying them when using currents of 
commercial frequencies. The necessity for zero methods, is 
however greater in alternating-current measurements than in 
direct-current measurements; first, on account of the limita¬ 
tions of alternating-current indicating instruments, and second, 
because of the practical impossibility of obtaining alternating 

currents as steady as the direct currents furnished by the storage 
battery. ^ 

The difficulty of applying zero methods to alternating currents 
lies chiefly in the instrument used as a detector in obtaining 
a balance. If an ^electrodynamometer is used as a zero instru¬ 
ment, the deflection falling of as the square of the current 
results in low sensitiveness as the current approaches zero. By 
separately exciting one of the coils, the sensitiveness may be 
greatly increased but it is then necessary to provide means for 
bringing the excitation in phase with the current to be measured. 

The telephone under proper conditions, is very sensitive as 
a zero detector. Its great advantage is its simplicity and cheap¬ 
ness,, but when working on the commercial frequencies of 60 

and 25 cycles per second, its sensitiveness is for physioloo-ical 
reasons, very low. 

Various alternating-current galvanometers have been made, 
but none of them has come into wide commercial application. 
The vibration galvanometer when^ properly tuned, is very sen¬ 
sitive; but being a delicate suspension instrument, it is not suited 
to all locations, and with a change in frequency, a great decease 
in sensibility occurs. 

The Synchronous Reversing Key 

^The idea of rectifying the alternating current and passing 
the rectified current through a direct-current galvanometer, or 
detector, is not new. It underlies the secohmmeter, which 
as been used for many years. More recently, attempts have 
been made to use. as a zero detector a direct current- galvano- 
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meter with, an ordinary brush-contact commutator on the 
generator shaft, or on the shaft of a synchronous motor driven 
by current from the same source as that to be measured. This 
plan has been tried and found to be capable of convenient 
application in many cases, but great difficulty has been found 
with it due to the fact that the apparent resistance of the sliding¬ 
brush contacts under working conditions tends to become very 
high as the current falls to a low value. 

Platinum contact keys used in galvanometer circuits being 
known to be free from this difficxilty, the next step was to con¬ 
struct a rectifier consisting of a reversing key with platinum 
contacts operated at synchronous speed by means of a synchron¬ 
ous motor and cam. 



Fig. 1 —Synchronous reversing Fig. 2 —Synchronous reversing key 
key No. 1 No. 2 


Means are provided for adjusting the angular position of the 
contacts with respect to the poles of the motor, so that the 
reversal occurs at any desired phase of the current. By properly 
locating the contact setting, the galvanometer may be made 
to respond to any given component of the current while it is 
insensitive to the component in quadrature with it. 

Figs. 1 and 2 shows two rectifiers which have been constructed. 
The first is attached to a small four-pole synchronous motor of 
the type described by Mr. L. T. Robinson before the last year’s 
Conyention.* This rectifier, while fairly satisfactory, had cer¬ 
tain,defects in the design o f the key, and was greatly handi- 

* P]?: 0 .qEEDiNGS A.. I. E. E., July 1909, p, 1000. 
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capped due to the impossibility of adequately insulating the key 
circuits from the motor circuits. Rectifier No. 2 is driven by 
a larger eight-pole motor which while having the disadvantage 
of requiring a direct-current field, has a larger torque, permitting 
the construction of the key with heavier moving parts and greater 
durability. 

The insulation of the motor circuits from the galvanometer 
circuit is of the greatest importance. An extremely small 
electrostatic capacity or surface leakage between them may 
introduce serious errors in measurement. Accordingly, in 
rectifier No. 2, the key was mounted on a separate bed plate 
insulated entirely from the motor. By grounding the bed 
plate of the key to the proper point in the measuring circuit, 
whatever residual leakage occurs may be led away in such a 
manner as not to affect the galvanometer. 

It has been found in practice that this apparatus gives very 
good results. The oscillating lever and contacts will operate 
satisfactorily on a frequency of GO cycles or more. Tlie wear on 
the contacts is practically nil, provided that the surfaces arc 
broad enough. The sensitiveness of the galvanometer is practi¬ 
cally the same on alternating currents as on direct current,s. 
Theoretically the ratio of the deflections for the same effeevtive 
value of current should be the form-factor of the alternating- 
current wave. Due to various minor imperfections in tlic a])- 
paratus so far constructed, however the method is not accrurtitt; 
as a means for the determination of form-factors. 

The apparatus places alternating-current nicrisurerrient-s 
on the same basis as direct-current measurements witJi res|)(‘c1, 
to the sensibility of the galvanometer. Using the galvaiiorneter 
as a deflection instrument, such quantities as the drop in a sliort 
length of iron rail or in a bond carrying alternating current, the* 
measurement of the leakage and charging current of a few in¬ 
sulators, or of a short length of cable, etc., may be easily measured 
The mechanical imperfections of the rectifiers so far constructed, 
are such that the calibration as a deflection instrument, is nut 
accurate, due to the reversal not taking place exactly at the zero 
of the wave, but when the calibration is made under the con¬ 
ditions of use, it will be sufficiently accurate for the class of 
measurements involved. Since the deflection obtained re¬ 
presents the average value of the voltage, any uncertainty in the 
wave form introduces a corresponding uncertainty in the cal¬ 
culation of the effective value. The wave form may, however, 
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be approximately determined by taking the deflections with 
a series of settings of the contacts, as is explained later. 

In the greater part of the work a portable galvanometer, 
such as a Paul single pivot galvanometer, giving one division 
deflection for one microampere and having 50 ohms resistance, 
gives sufficient sensitiveness. With a galvanometer of this 
type, the use of a telescope and scale is avoided, and vibration 
does not effect the measurements. This makes it possible to 
set up the apparatus in practically any location; e.g. in a power 
house, and to make measurements which with more delicate 
apparatus would be impracticable. An ordinary portable 
millivoltmeter makes a very good galvanometer for measure¬ 
ments not requiring the maximum sensibility. 

Current Transformer Ratios 

The method of introducing low resistances in the primary 
and secondary circuits and balancing the drops against each 
other by means of a zero detector, has been tried by various 
experimenters. The ratio of transformation is the inverse 
ratio of the resistances. Due to the slight phase difference be¬ 
tween the two currents, there will remain, when the drops are 
adjusted to equality, a slight voltage, practically 90 degrees in 
phase from the resistance drops. The effect of this voltage may 
be eliminated by properly setting the angular position of the 
contacts, but tmless the phase angle of the transformer is very 
small, it is difficult to set the contacts with sufficient accuracy. 

In order to obtain a more accurate value of the ratio and at the 
same time to measure the phase angle, some means of bringing 
the two drops in phase is needed. Several methods of doing this 
which have been developed at the Electrical Testing Laboratories 
were described before last year’s Convention.* The one finally 
adopted as most desirable is shown in Fig. 3. The primary and 
secondary resistances are R' and R^', respectively. A mutual in¬ 
ductance, M is introduced which adds to the drop in R'' a small 
voltage, a, in quadrature with it, thus balancing the phase dis¬ 
placement. The double adjustment is made as follows: 

By trial, the angular position of the contacts is found in which 
the galvanometer is sensitive only to changes in the secondary 
resistance R!^ and not to changes in the inductance. The re¬ 
sistance balance is made with this setting. The contacts are 
then shifted through 90 electrical degrees, and the inductance 


* Proceedings A. I. E. E., Oct. 1909, p. 1366. 
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is adjusted until the inductive drop has been annulled. The 
contacts are then returned to the original position for a check 
on the resistance setting. 

The ratio and phase angle are computed from the following 
formulae: 


r 

pf 


R" 



f 


2k fM 

tan Y 


When the phase angle is less than two deg. the correction term 
in the ratio formula may be neglected. In practice, the calcula¬ 
tions are simplified by the use of curves which give the re¬ 
sults directly from the readings. 



transformers 


Sensitiveness. The minimum value of secondary resistance 
used is 0.025 ohm. The drop is then 0.125 volts at full load. 
With a portable galvanometer of the type above descril)ed the 
balance may theoretically be obtained within 5 microvolts 
in 125,000, or to one part in 25,000, by setting to 0.1 division. 
At 10 per cent load, a balance may be obtained within one |)cirt 
in 2500. The accuracy of measurement is therefore limited not 
by the sensitiveness of the galvanometer, but by the accuracy 
of calibration of the resistances, leakage and stray fields, etc. 
It is found that in measuring the same transformer at different 
times, the results will, barring mistakes, invariably agree within 
0.1 per cent in ratio, and a few minutes in phase angle, at full 
load. 

Leakage. Due to the necessity of connecting the secondary 
and primary circuits together, trouble is experienced from leakage 
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and electrostatic effects. If the apparatus is at a moderate 
voltage above the ground, leakage may occur from the primary 
through the cross connection into the secondary and thence to 
earth. Referring to Fig. 3, it will be seen that very little of this 
current will pass through the galvanometer, the direct connec¬ 
tion between R' and R" furnishing a path of much lower re¬ 
sistance. The leakage current will, however, add to the current 
in i?'' and may if large introduce an error. The amount of the 
leakage current is determined by removing one connection so that 
the total leakage must pass through the galvanometer. 

Measurement of Distortion of Wave Form. iVn interesting 
property of the method is that, when used in connection with 
the rectifier, a determination of the relative wave form of the 
primary and secondary currents may be made without addi¬ 
tional apparatus. 

If the primary current has a sine wave form, and no distortion 
is introduced by the transformer, balancing in the “ resistance ” 
and “ inductance ” positions, as previously described, will insure 
‘that when the contacts are shifted to intermediate positions, 
the deflection will remain at zero, since the secondary w^ave 
will balance the primary wave at all points in the cycle. If, 
however, the primary and secondary wave forms are different, 
the tw^o waves will not balance at all points in the cycle, and wdth 
intermediate settings of the contacts, a deflection will be obtained 
on the galvanometer. From the curve of these deflections, the 
difference in wave form between the primary and the secondary 
currents may be derived. 

pjcr. 4 shows a curve of deflections obtained on a transformer 
which on account of certain features of design showed an un¬ 
usually large distortion. The test was made under severe 
conditions of load in order to magnify the effect. Fig. ^5 shows 
the wave form, as derived from the above curve, of the distortion 
introduced into the secondary current. Evidently, the triple 
frequency component is predominant. The maximum ordinate 
is about 1.5 per cent of the secondary current. The method of 
derivation is as follows: 

Since the rectifier closes the galvanometer circuit in one 
direction during a half cycle and in the reverse direction during 
the next half-cycle, the deflection represents the average current 
during a half cycle. In Fig. 5. with the contacts set to reverse 
at a and c, the galvanometer would be sensitive to a sine current 
whose maximum is at X X. On a distorted wave form, its 
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deflection represents the area of the curve between a b and c d. 
When the contacts are shifted to reverse at a' and c', the change 
in deflection represents twice the area abb' a', and gives a 
measure of the ordinate of the curve at this point. This change in 
deflection is equal to the difference in the ordinates at A' X 
and Y Y, in Fig. 4. The wave form of the distortion introduced 
in the secondary is therefore derived by taking the differences 
of successive ordinates of the observed curve of deflections, or 
more accurately, by taking the slopes of the observed curve at 
various points. Corresponding points on the observed and de¬ 
rived curves are 90 degrees apart. 



,Figs. 4 and 5 —Distortion curves of current ti'ansformer 


The actual values of the ordinates of the distortion curve may 
be computed from the following formula: 

d 

A/- 

■ ■ .1 A ■I W .lfMl.g 

4q!' 

where a: = ordinate of distortion curve expressed as a per¬ 
centage of the total secondary current. 

d = slope of deflection curve expressed in division.s j)er 
cycle. 

d' = deflection produced with the resistance setting of the 
contacts, by one per cent change in tlie secondary 
resistance. 
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Design of Apparatus. In designing apparatus for measuring 
current transformer ratios, an important point to be considered 
is the impedance introduced in the secondary circuit. Any 
appreciable impedance raises the voltage which must be supplied 
by the transformer, and thus has an influence on the ratio of 
transformation. In practice, transformers are often used with 
a single instrument of very low impedance and with very short 
leads, precluding the use of measuring apparatus of considerable 


impedance. 

In the apparatus designed, the secondary resistance and pri¬ 
mary of the mutual inductance combined amount to 0.1 ohm, 
and the leads introduce 0.05 ohm more, making the total 0.15 
ohm. Where results are required with less resistance the 
small correction necessary may be easily determined by extrapola¬ 
tion from tests with higher 
values of resistance. 

In order to save trouble 
in making connections, the 
secondary resistance and 
mutual inductance were 
constructed as a unit. The 
apparatus is shown in 
Fig. 6. A fixed resistance 
is used from which taps are 
brought out every 0.05 
ohm to a dial switch. The 
fine adjustment is obtained 
by means of slide wire 
which shunts a part of the main resistance. The advantage of this 
arrangement is that sliding contacts are not introduced in the 
current circuit and that the amount of impedance in the secondary 
is always the same. The slide wire has a total resistance of 
().0() ohm, so that it overlaps the fixed steps by 0.005 ohm m 




action. This facilitates making settings near an even 
Hiere a number of taps are to be brought out, and 
ide wire is involved, it is difficult to make the resistance 


perfectly non-inductive. Loops are avoided in the leads by 
binding them clOvSe to the doubled manganin strip. To make 
the vSlide wire non-inductive, it is made double the required 


length and the unused half is brought back under the used half. 
The sliding contact bridges from the slide wire to a second wire 
lying close to it. These refinements, while they may not al- 
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ways be necessary, are advisable to insure accurate results 
in phase angle measurements. 

Astatic Mutual Inductance. The mutual inductance requires 
careful design, the following qualities being desirable: 

Long scale. 

Freedom from stray field effects. 

Low impedance of primary circuit. 

Freedom from eddy current effects. 

Permanence and reliability of calibration. 

Easy adjustment. 

The arrangement of coils adopted is shown in Fig. T-a and 
7-b. In Fig. 7-a, the coils are in the position of maximum mutual 
inductance. Rotating the hard rubber disk on which the second¬ 
ary coils are mounted, through 180 degrees brings the coils 
to the position shown in Fig. 7-b. The lines of force from the 
primary coils then thread the secondary coils in a reverse direc- 
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Fig. 7a—Position of maximum 
positive mutual inductance 





Fig. 7b —Position of niaxiiiium 
negative mut.ual iiKluctancc' 


tion, resulting in a negative value of mutual inductance. Be¬ 
tween the two positions a zero is found. The jiositivo maxinmm 
is larger than the negative maximum, whicli is not undtisirrihle 
in the measurement of transformer ratios, h'our coils being 


used, the inductance may be made a.static so that, the elTect of 
stray fields is small. A strong and ncjn-uniform lie.lil may in¬ 
duce an error, but by keeping all instruments and heavy current 
conductors at a distance from the mutual inductance, or l)y 
taking direct and reversed readings, the effect may be eliminated. 


The primary may be constructed with a very small number 
of turns; the desired value of induced e.m.f. is obtained by con¬ 
structing the secondary with a much larger number of turns. 
In order to obviate eddy currents in the primary, the coils are 
wound with small wire, a number of windings being placed in 
parallel. 

The mechanical details are shown in Fig. 8. Due to the loca- 
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manganin strip. 


Fig. 8 —Mechanical details of aooaratus [Sharp and 
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tion of the coils, it is impossible to mount the disk on a pivot, 
and a special three-point peripheral grooved bearing is therefore 
employed. The construction is satisfactory with respect to 
rigidity and permanency, no measurable difference having been 
found in calibration since the apparatus was finished. Al¬ 
though the bearing works stiffly, there is no great difficulty 
in making an exact setting. 

Test Table. A set of resistance and inductance coils is pro¬ 
vided for introduction into the secondary to duplicate the effects 
of various combinations of instruments. The steps are so small 
as to furnish practically a continuous variation. 

Fig. 9 is an illustration of the entire apparatus set up for use. 



9—Complete apparatus for testing current transformers 

The complete connections of the testing table are shown in Fig. 
10. This table is designed with a view to the maximum conven¬ 
ience in laboratory use, but all measuring apparatus can be 
removed from it and used in any desired location. 

.Method using Mutual Inductances 

The following additional method of measuring current trans¬ 
former ratios has been considered, but ^ has not been tried owing 
to the fact that the present apparatus suits the requirements. 
It offers, however, certain important advantages. 

In the suggested method, mutual inductances are substituted 
for the resistances previously used. The electromotive forces 
induced in the secondaries are balanced against each other, one 
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of the mutual inductances being variable. The connections 
are shown in P''ig. 11. The phase difference is compensated Iry 
a resistance drop introduced by a slide wire, S, carrying tlie 
secondary current. The ratio and phase angle are given by the 
following formulas. 


Ratio 


M 


n 


/ \/ 1 + tan“ y 


tan j 


R 

2 K f NN 



The advantages of tins metliod over the mcdliod using ix*- 
sistances are: 

{a) The energy expended in the api)aratu.s may be made 

exceedingly small. 

(6) By properly proportioning the numbers of primary and 
secondary turns on the mutual inductances, it is possilde to 
obtain electromotive forces in the galvanometer circuit which are 
much greater than the drops in the primary coils hence greater 
sensitiveness can be obtained without tire introduction of an 
undue impedance in the secondary of the transformer under test. 

(c) It is not necessary to connect the primary and the second¬ 
ary circuits together, and leakage effects are therefore reduced. 

The disadvantages of the proposed method are: 
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(a) Mutual inductances are not so easily calibrated as re¬ 
sistances. 

(b) It is difficult to construct accurate mutual inductances 
for large currents, although probably not more so than in the 
case of resistances. 

(c) Stray field effects will influence the ratio directly, requir¬ 
ing astatic construction of the mutual inductances and great 
pains with the location of the leads carrying heavy currents. 

Measurement of Magnetizing Currents 

As a means of determining the ratio and phase angle of current 
transformers, where apparatus for their direct measurement is 
not available, or as a check on direct measurements, the value 
of computations from magnetizing current determinations is 
well recognized. Assuming a certain value of secondary current. 



Fig 11—Measurement of current transformer ratio by means 

of mutual inductances 


the electromotive force which must be furnished by the trans¬ 
former, and the phase relation of this electromotive force to the 
current, can be computed from the resistance and reactance of 
the secondary circuit. At the given voltage, the value of the mag¬ 
netizing current and its phase relation to the voltage is deter¬ 
mined. The primary current then includes, first, a current suffi¬ 
cient to make the primary ampere turns equal to the secondary 
ampere turns, and second, the magnetizing current which is 
combined with the load component in a certain phase relation 
which is the resultant of the phase angle between the load current 
and the voltage, and the phase angle between the voltage and the 
magnetizing current. 

The magnetizing current is measured on open circuit the 
voltage being adjusted to the value corresponding to a given 
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load of the transformer. It is best measured by supplying the 


current to the secondary or low current winding and com¬ 


puting the results in terms of the primary. 

For the determination of the magnetizing current, a sensitive 
electrodynamometer may be used. To obtain botli the magni¬ 
tude and phase relation, the most obvious metliod is to use the 


electrodynamometer as an ammeter to measure tlie total current, 
and as a wattmeter to measure the power component. A pre¬ 
ferable method is to determine the power and wattless com¬ 
ponents by separately exciting the electro-dynamometer alter¬ 
nately from the phases of the two-phase circiut (Fig. 12). Tlie 


electrodynamometer is calibrated by substituting for the tra.ns- 


former a known non-inductive resistance. For very low voltages, 
a step-down transformer of known ratio may be introduced. Tlie 
voltage is then measured on the high side and tlie current on iJie 
low side. 


These measurements may also be made by means of Idle recd ilitu' 
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Fig. 12—Measurement of core loss l)y means of eleetrodyiuimoinetc' 


by inserting the transformer in an inductance liridge and a,sc(n-- 
taining the equivalent alternating-current resista,nce and tlie 
reactance under the working conditions of voltage and fre¬ 
quency. The distortion of the wave form will liavci tlie s<'ime 
effect as in a ratio measurement and may be determined in tlie 
same way. 


V O L T A G E T R A N S P O RM E R S 

A number of methods for measuring the ratios and pliase 
angles of voltage transformers have been used. The sim|)lest 
method is to use a rectifier; as shown in Fig. 13, R and r are liigli 
resistances connected in series to the primary circuit. A balance 


being obtained by varying r, the ratio of 
voltage is 


primary to secondary 


R + r 
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As in the case of current transformer measurements, it is 
necessary either to pay strict attention to the setting of the 
contacts or to use some means of bringing the primary and 
secondary voltages in phase. The latter procedure is preferable. 
Various methods of balancing the phase displacement by intro¬ 
ducing capacities or self or mutual inductances, may be used. 



Fig. 13—Measurement of 
voltage transformer ratio by 
means of rectifier 



Fig. 15—;Measurement 
of voltage ‘ ti*ansformer 
ratio using electro-dyna¬ 
mometer 
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Fig. 14—Means of balancing phase 
displacement 


A few of these are illustrated in Fig. 14. The method using 
a mutual inductance is probably the most satisfactory. 

Methods employing a sensitive electrodynamometer similar 
to those used in other l aboratories* have been tried. It has 

* L. T. Robinson, Proceedings A. I. E. E.. July 1909. 

Agnew & Fitch, Bulletin Bur. of Stds., Vol. 6 No. 2. 
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been found possible to simplify these methods by the employ¬ 
ment of one electrodynamometer only in phase angle tests 
whereas previously two electrodynamometers have been em¬ 
ployed. The connections are shown in Figs. 15 and 16. In 
Fig, 15, the fine wire fixed coil of the electrodynamometer is 
excited by inserting it in series with the bridge resistances. The 
excitation being in phase with the voltage, the phase angle of 
the transformer (if small) does not affect the measurement. 

In Fig. 16, by using a two-phase circuit, the electrodyna¬ 
mometer is first excited in phase with the voltage of the trans¬ 
former under test and the adjustment of resistances to obtain 
the ratio is made. The excitation is then shifted to the other 



Fig. 16—Measurement of voltage tranvsformer ratio and i)liasc angle 

using electrodynamometer 


phase and a deflection is obtained which is a measurement of the 
phase difference between the primary and secondary voltages. 
For the evaluation of the phase angle, the electrodynamometer 
is calibrated with its excitation in phase with the voltage, by 

altering r a small amount, and noting the change in deflection. 
Then 



where d" and d' are the deflections under test and calibration 
conditions respectively. 
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M.eans of leading Transformers at Various Power Factors. In 
tlie testing of voltage transforniers. it is necessary to obtain 
various loads at varions power factors representing the equivalent 
of tlie instruments to which the transformers are to be connected 
in use. The method given here was devised to |)ermit any load 
at any desired power factor to be obtained without the necessity 
of constructing a large number of inductance coils of various 
va1iK‘S. The connections arc shown in Fig. 17. Two trans¬ 
formers tire required wliieh liavc approximately the same ratio. 
Transfonner No. 2 is connected to one phase of a two-phase 
circaiit and is used as a step-down transformer to supply energy 
to transformer No. 1, which is under test. A load on transformer 
No 1. at unity power factor is olrtained by means of a lamp bank 
connected directly across its terminals. The load at zero power 
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factor is obtaincal l>y introduchng tlie sta.;ond phase of tlie tw(.,)- 
pliase circuit between tlie points l\ and in serii^s with a lam|) 
liank. If the transfi'n'mers are (‘onneetetl with tlie |.)roi)er |.,)olar- 
ity, these points are at tlie same potential so tliat tlie eurnmt 
flowing is di*termined imrely by tlie voltage of iiliasc two. The 
ainineiers .4j and respi'ctively measure tlie |,)ower a.iid wa,tt- 
lesH e{:)m|.H„aHmts of the loa.d current* enabling tlieir intlefitmdent 
adjust..mi‘nt* T,lie wattmeter M furnishes a check on tlit^ power 
facTor, This method of loading is suggestt*d as a possiliility 
for tlie loading of power transformers f(,)r regulation tests, etc,, 
at various po'wer faetr.irs. Tlie pumping,liack method c(.,)nld, be 
anl and the lc.»ad eurrent caused to circulate liy twc.') low voltage 
i«sfi.naners eonnected to tlie two phases. 

Vdtagi^ Raiio of Current Transformers. It is often necessary 
when analyzing the results of current transformer tests, to know 
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the ratio between the primary and secondary turns and it is im¬ 
portant to be able to determine this value by test, since due to 
errors in manufacture, the number of turns may differ from that 
intended. 

The ratio of turns is determined by measuring the voltage 
ratio in the same manner as for voltage transformers. Four 
or five volts is impressed on the secondary and a fraction of this 
is balanced against the e.m.f. induced in the primary. 

To obtain the true ratio of turns, it is necessary to correct 
for the drop in the low-current winding due to the magnetizing 
current. If no magnetizing current determination has been 
made, an approximate value may be obtained by the following 
procedure. With the connections shown in Fig. 18, the milliam- 
meter indicates the resultant of the magnetizing current and of 
the current taken by the voltmeter. The phase relation of this 
current to the voltage is not known. Referring to Fig. 19, 



Fig. is 



it may be considered to be represented by a vector from the point 
0, whose end is somewhere in the arc A B C, which is laid out to 
a suitable scale. 0 X represents the voltage. 

A known non-inductive resistance is connected in parallel 
with the voltmeter and the increased current indicated by tlu; 
ammeter is observed. The arc D E F is laid off with a radius 
equal to this current. The vector difference between tliis current 
and the initial current will be the current taken by the non- 
inductive resistance which is in phase with O X. Finding a 
point where the vertical distance between the two curves i.s 
equal to the computed value of the current in the added resistance, 
the points B and E are determined. 0 J? is then the initial 
current. By subtracting from this the current taken by the 
voltmeter (equal to B G ) the magnetizing current 0 G is de¬ 
termined. 0 H is then the component in phase with the voltage 
and this, together with the resistance of the winding, enables 
computing the correction to the observed ratio. 
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The Alternating-Current Potentiometer. 

The amount of energy required by alternating-current indi¬ 
cating instruments prohibits their use directly in measuring 
very low alternating voltages. A separate circuit may, 
however, be obtained from the same generator and the un¬ 
known voltage measured by balancing it against a known 
fraction of a higher voltage which can be measured accurately 
by means of indicating instruments. The connections are shown 
in Fig. 20, in which the “ standard voltage ” is obtained on the 
line C D, and the unknown voltage on the line A B. A balance 
is obtained by adjusting and the phase relation. The un¬ 
known voltage is then 

T 

- A — of the voltage on C D. 

"k ^2 

The sensitiveness of the rectifier is sufficient to enable a voltage 



Fig, 20—Alternating current potentiometer 


of a few millivolts to be measured quite accurately. The same 
method may be used to measure alternating currents of any 
desired magnitude by the use of a non-inductive shunt, and has 
the advantage that the necessary drop in the shunt is very small. 

Methods of Adjusting Phase Relations. For obtaining a vary¬ 
ing phase relation such as is needed in the alternating-current 
potentiometer arrangement, and in many other classes of tests 
notably test of wattmeters and watt-hour meters on low power- 
factors, the following methods have been found convenient. 
Using a three-phase circuit, (Fig. 21) a slide-wire rheostat is 
connected across two of the phases. The voltage circuit is 
obtained from the third phase and from the sliding contact on the 
rheostat. This arrangement furnishes a gradual shift of 60 
deg. and phase relations beyond this range may be obtained by 
connecting the rheostat to the different phases. The method 
is not suited to cases where the voltage circuit draws a large 
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amount of current and should not be used in tests on induction 
meters, since introducing resistance in series with tlie voltage 
circuits may cause errors. To obviate this ditliculty, an apparatus 
using a variable auto-transformer instead of a resistance, lias been 
devised. The variable auto-transformer consists simply of a. 
laminated iron ring with a uniform layer of,wire on it. On the 
outer surface of the ring, the insulation of tlie wire is removed 
making a continuous con¬ 
tact surface to which con- 
nection is made by means N. 
of soft carbon brushes. The 

connections are the same ^^^AAAAAAA^AA/wwv^ 

as those shown in Fig. 21. ^ | 

A second auto-transformer 

O N. 

is introduced to enable the X. -- 

adjustment of the voltage. \ 

By means of a cam and Fig. 21— -Phase adjustment 

lever arrangement, a second 

contact on the voltage regulating transformer is made to com¬ 
pensate for variations of voltage resulting from the phase sliift. 

Variable auto-transformers of the type described above are 
found very useful in the laboratory for a variety of purposes. 
In Fig. 9 at the right-hand side, there may be seen a transfcirrner 
of large capacity, designed to effect the gradual regulation, of 
the voltage in high-tension testing, and used in this case to regu¬ 
late the primary voltage of 

the step-down transformer j—-;—--——j 

supplying current to the 
transformers under test. On 
account of the large magnetic 
leakage under load, indicating 
instruments or other appa¬ 
ratus susceptible to stray field --———-— 

effects should not be used near Fig. 22—Phase shifting api-twatus 
the transformer. 

Measureme^nts of Inductances, Capacities and Alter¬ 
nating Current Resistances 

Various accurate methods of comparing inductances and 
capacities by means of alternating currents, using modifications 
of the Wheatstone bridge, are known and used. For mea.sure- 
ments of this class, the synchronous reversing key is very service¬ 
able. In balancing on alternating currents, a double adjustment 
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is necessary, inasmuch as a balance must be obtained of the 
resistances as well as the reactances. One method of making the 
double adjustment is to balance the bridge on direct currents 
by varying the resistances, and then to balance on alternating 
currents by varying the inductances and capacities only. In 
circuits where skin effect, eddy currents, dielectric losses, iron 
losses, etc. are present, the equivalent resistance to alternating 
current is different from the resistance to direct current, and 
further adjustment of the resistance is necessary. As explained 
before, double adjustments of this character are made with great 
ease using the rectifier, by setting the contacts for sensitiveness 
either to the resistance or reactance components. 

Heavy Current Non-Inductive Shunts. 

The tube form of resistance has many advantages and 
should give practically negligible values of inductance. It has, 
however, been found that resistances having very low induct¬ 
ances can be constructed without resort to the tube form pro¬ 
vided that suitable precautions are taken in leading in the 
heavy currents. 

In resistances designed for very heavy currents, and to furn¬ 
ish a large drop, a large amount of power is to be dissipated. 
Designs employing fiat sheets allow a greater amount of cool¬ 
ing surface to be obtained and sheet designs may in some cases 
be preferable even though more complicated in construction. 

A series of resistances of the general characteristics given in 
the following table have been designed. Each resistance has 
taps brought out at J, 1/5, 1/10, etc. of its value. 


TABLE OF DATA ON RESISTANCES 


Amperes 

Volts 

Ohms 

Watts 

Tempera¬ 
ture rise, 
deg. cent. 

Size 

Weight 

lb. 

200 • 

2 

0.01 

400 

15 

10 in. X 9 in. cylinder 

18 

1000 

1 

0.001 

1000 

14.5 

10 in, X 10 in. x 18 in. 

80 

5000 

1.2 

0.00024 

6000 

27 

16 in. X 15iin, x 18 in. 

220 


Only the largest will be described in detail, as its construction 
typifies the others and it has certain interesting properties not 
found in the other resistances to as marked a degree. 

The construction is shown in Fig. 23. The current terminals 
consist of two heavy copper blocks, A and B, which lie horizon- 
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tally on the top of the containing case. A series of l)ars, a, b, 
c, etc. are silver soldered to the terminal blocks, alternate bars 
being attached to the positive and negative terminals respectively. 


These bars extend directly downward into the oil bath. Kach 
sheet of resistance metal is folded double and its ends attaclied 
to two adjacent bars of opposite polarity. By this arrangement, 
each sheet is made non-inductive, and any desired number of 


sheets may be connected in parallel. 

In order to bring out taps at fractional values, tongues arc 
cut in one of the sheets to which the potential binding post;s arc 
attached. The arrangement of these potential leads to avoid 
loops susceptible to stray fields, is equally important with tlie 


Y Y 



non-inductive construction of the shunt itself. A (loul)le con¬ 
centric binding post is used for the potential terminals. 

The resistances are immersed in oil and cooled by a water 
jacket in the usual manner. 


After some difficulty in determining the proper treatment 
for manganin sheets, pickling for 20 seconds in 50 per cent nitric 
acid has been found to remove the oxide and scale and give 


satisfactory results as regards temperature coefficient. 'T 
sheets are removed from the pickling solution, rinsed in warm 
water, dried in an air blast, and immediately shellacked. Before 
installing the insulating material and mechanical parts, the re¬ 
sistances are baked for 48 hours at 150 deg. cant. 













1910] ALTERNA TING-CURRENT MEASUREMENTS 


1539 


Figs. 24 and 25 are photographs of the shunts assembled and 
taken apart, respectively. 

Terminal blocks of the above described form introduce changes 
in resistance depending on the position of the current leads. 
The variations could be largely obviated by bringing out the 



Fig. 24 


potential taps from the middle sheet, but this is prevented by 
mechanical difficulties. 

The phase angle between the current and the potential drop 
also varies with the position of the leads; in the 5000 ampere 
resistance which has 11 resistance sheets in parallel, the phase 



Fig. 25 

angle at 60 cycles varied from +1 deg. to —1 deg., depending 
on whether the connections were placed in position XX or YY, 
Fig. 23. In order to remedy the variations in resistance and 
phase angles, a pair of extended connection plates, which may be 
clearly seen in Fig. 24 and 25, were installed. Using these plates 
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no variation in phase angle was found as long as the heavy cur¬ 
rent leads did not form a large loop near the resistance. 

Comparison of Inductances of Pleavy Current Resistances. The 
measurement of the residual inductance of an approximately 
non-inductive resistance is dependent ttpon comparison with 
resistances which are assumed to be non-inductive. In the case 
of very low resistances, this comparison is dihicult because the 
only “non-inductive” resistances whose residual inductances 
can safely be neglected, are those of a comparatively high value 
(0.1 ohm or more). However, if a sufficiently accurate method 
is available, a series of comparisons starting from a resistance 
of high value and working toward the low resistances, will enable 
the desired results to be obtained. The method of comparing 
inductances by connecting two resistances in series, exciting 


Fig. 



the fixed coil of an electrodynainometer in quadrature wi 
the current, and transferring the moving coil from one resistance 
to the other, was found unsatisfactory due to tlie fact that tlie 
phase relation between the excitation and tlie current in the 
resistances would not remain sufficiently constant for an accurate 
measurement. In this connection, it may be remarked that in 
order to obtain with sufficient certainty the pliascj angle of tlie 
0.00002 tap of the 0.0002 ohm, 5000 ampere resist.ance, it is 
necessary to have a method capable of comparing phase angles 
to within 0.1 to 1 minute. 

The second method tried was the use of the Kelvin double 
bridge with two equal variable self inductances inserted in series 
with the bridge arms. This method was found to be so sus¬ 
ceptible to stray field effects that without the design of special 
apparatus,""it could not|be^applied In pi-actice. 
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The method which was finally adopted was that shown in Fig. 
'26. A Kelvin double bridge is used, but no attempt is made 
to balance the inductive effect. A Rowland electrodynamometer 
with separate excitation is used as a galvanometer. The re¬ 
sistances of the bridge are balanced with the excitation in phase 
with the current in the resistances under comparison. The ex¬ 
citation is then placed in quadrature with the current in the re¬ 
sistances and the deflection is noted. This deflection is a measure 
of the difference in phase angle between the two resistances. 
The rectifier and galvanometer might be used in the same manner. 

The electrodynamometer is best calibrated by observing its 
sensitiveness to change in resistance when the excitation is in 
phase with the current. The inductance of the resistance under 
test is then obtained from the following formula. 

Ri A3 <^2 Rq 

where 

= inductive reactance of 

X 2 == inductive reactance of A 2 
== deflection obtained in test 

^2 = deflection obtained in calibration 

r = change in variable bridge arms corresponding to de¬ 
flection ^2 

Rq = resistance of one of the variable arms of the bridge. 

The sensitiveness of the Rowland electrodynamometer is such 
that using a Kelvin double bridge having 100 ohms in each fixed 
arm and 100 to 1000 ohms in the variable arms, and pushing the 
excitation to the limit, resistances having a drop of 0.1 volt may 
be compared to within 20 parts of reactance in 100,000 of re¬ 
sistance; or in other words,-within about 0.6 minute. With a 
larger drop, a proportionately smaller phase angle may be 
measured. 

This method has the advantage that it is independent of stead¬ 
iness of the test circuit and is free from stray field effects. It 
is, however, essential to take precautions against leakage effects. 

It is.believed that the above described methods represent 
at least a small advance in the art of practical alternating-current 
measurements and that the results obtained by them will be of 
value to the engineer. 
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Discussion on “ Some Recent Developments in Exact 
Alternating Current Measurements Jeeferson, 
N. H., July 1, 1910. 

V. Karapetoff; There are four classes of measuring instru¬ 
ments for measuring alternating current; the soft-iron type, of 
which the well-known Thomson inclined-coil ammeters represent 
possibty the best practice. Then the hot-wire instruments, 
the dynamometer t^^pe instruments, and the induction instru¬ 
ments, based on the principle of revolving field. All these 
classes of instruments are in common use, all possess certain 
advantages and disadvantages, but hardly any of them are 
adapted for precise measurements. Considerable effort has 
been devoted for a long time to adapt the d’Arsonval tyne^ of 
galvanometer, that is, an instrument consisting of a coil moving 
in the field of a permanent magnet, for alternating-current mea¬ 
surements. Dr. Sharp’s instrument represents one of the possible 
methods of using direct-current galvanometer for alternating 
current measurements, namely, by rectifying the alternating 
current. However, there are other methods for obtaining the 
same end, and I wish to mention here those that I know, with 
a view of getting Dr. Sharp’s criticisms in regard to these 
methods. Since he had to devise a new method, we are justified 
in assuming that the methods known heretofore did not possess 
sufficient accuracy, or for some reason were not convenient for 
his purpose. 

The methods used so far for measuring alternating currents 
with direct-current precision instruments are based chiefly 
upon the thermal effect of alternating currents, either through a 
direct heating of wires, or by heating a thermo-couple. We 
have had before our Institute a paper by our friend Dr. Northrup 
on his “ Comparator,” an instrument devised for measuring 
alternating currents with great ■ precision (Transactions, 
Vol. 24, page 741). The instrument consists of two parallel 
wires connected by a mirror. Alternating current is sent 
through one wire; the heat generated expands the wire and 
deflects the mirror. Then direct current is sent through the 
other wire, so that the other wire is also expanded until the mirror 
returns to its first position. The direct current is measured 
accurately with a precision instrument, for instance a potentio¬ 
meter; The effective value of the alternating current is equal 
to that of the direct current. 

Another instrument is Professor Duddell’s Thermo-gal¬ 
vanometer.” There you have an ordinary suspension type coil, 
the ends of which are connected to a thermo-couple. The 
alternating current to be measured is sent through a stationary 
heater; the heater heats the thermo-couple, and the current 
generated turns the moving coil; so you can calibrate the instru¬ 
ment with direct current, and use it to measure alternating 
currents. One might naturally think that this type of gal- 
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vanometer is too delicate for ordinary measurements; but I 
la#tel^^ s rtis^^d. in the form of a portable instrument 

for industrial work.^ Generally speaking, the disadvantage of 
this type of measuring instrument is that only a small and 
rather indefinite part of the heat generated in the alternating- 
current heater is transmitted to the thermo-couple. 

This drawback has been recently eliminated in an instru¬ 
ment^ developed by Dr. Guggenheimer, in Germany. He 
ingeniously combines the alternating current and the direct 
current in the same circuit. The internal connections are 
similar to those of the Wheatstone bridge. Two opposite 
points of the bridge are connected to a non-inductive ammeter 
shunt, in the alternating current circuit. Two other points are 
connected to a direct-current milli-voltmeter. Four thermo¬ 
couples are connected in the four branches of the bridge in such 
a way that they are in opposition (by pairs) with respect to the 
alternating current circuit, and act in parallel with regard to 
the direct-current circuit. In this wise, alternating currents 
and direct currents both flow in the same circuit, and the full 
extent of the heat developed by alternating currents in thermo¬ 
couples contributes to the deflection of the direct-current instru¬ 
ment. The apparatus is made in a form similar to that of 
ordinary portable instruments. The Wheatstone bridge is in 
the base of the instrument, and the instrument, when used as 
an ammeter, can be provided with any number of external 
shunts, from one-half ampere to several thousand. The sensi¬ 
tiveness of the instrument is limited only by the sensitiveness of 
the direct-current milli-voltmeter used in it. 

I should like to know what objections Dr. Sharp has to this 
or to any other devices used for precise alternating current 
measurement, and what advantage his synchronous rectifier 
has as compared to these? 

L. T. Robinson: The necessity and the advantages of zero 
methods are brought out in the paper quite clearly. We all 
appreciate that these zero methods are always to be preferred 
if they do not introduce other complications that more than 
offset their advantages. The use of a direct current instrument 
as the detector is spoken of as distinguished from the use of the 
electro-dynamometer for the same purpose. In my experience, 
we have had no difficulty with the electro-dynamometer with 
separate excitation, and did get, as described, good results, and 
do now; therefore, we see no objections to it. ^ There may be 
advantages in introducing the further complications, and these 
advantages may become more apparent as time goes on, but 
they are not yet fully apparent to me. 

The difficulties with dynamometer instruments, due to sus¬ 
pensions springs, scales, etc., are also referred to, but for moderate 
currents, at least, we still find that this method is convenient, 
satisfactory and accurate, and while I still hope, as I expressed 
the hope a year ago, that some of the other methods would 
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Ultimately win for the M^ork in connection with the current 
transformer. We still find it more satisfactory to stick ?o tS 

rllffli, 'r°.’^^®ction with electro dynamometers, there are certain 
difficulties which come up in the measurement of vet larS 
current; I think that if these difficulties which seem tote in 
herent in large alternating-current precision dynamometers can 
be removed and they are in a fair wt to be removed t 

determination by dynamometers will still remain a formidahlp 
competitor of more^ complicated methods. As far as accuracv 
pes,^ there is, I think, nothing to be desired. If we can de^ 
termine the ratio and phase angle of instrument transformts 
with a degree of precision which is well beyond the 11^^ 
accuracy whip can be had with the instruments thaT they 
are to be used with, there certainly is no use in goin<^ further^ 
It is an ^necessary refinement, and I do not think that 

SecSnmrnf mr measurement Sr tiS? 

Sofesst instruments whiS 

TW KarpetofE has referred to, directly on the work. 

hus, there is hardly any use in carrying the refinement in in' 

gpmpt transformer testing beyond a certain point. I think 

Dr. Sharp s improvements in the contact makinc- key are of 

course very important and satisfactory, and such J rtct’ifi^ 

may u tmately be the right thing to usi. As I had it at first 

It would do the work, but as he has improved it it certaiffiv 

deal tetter, and to show him that I mean what I 

> his device as nearly as I can and incoroora.tpd 

It with mine and have used it in that form for ime lfme l 

capot tptify any more strongly to the value of the de“ce 
some^tte°Sin^s f the paper, it is apparent that 

indTec? me?hteXv?come^S^^^^ 

SWn^te’^ working for some time with the method iic^D^ 

vSr^and ftf^"^-haye been doing this for more than a 
^ I have come m contact with some of these same 
difficulties inyself and also some others that are not mZ 
pned, but I think pat ultimately the method will be woriced 

nh+e-^- shape. The author of the paper refers to 

oteaining of average value of alternating currents bv mefS of 
these reversing commutators. I think this will nitL, ® u 
something that will be of considerable value, and in that toh- 

an inSruiMrU 1 experimented somewhat with 

me^ are made use of to detenSJe ^diSr^ lvemae 
rent, the root mean square current is also used in thf sSie' 
instrument, so that the instrument determines directiy the r^o 

?moo^Tn5£ld^"^°’- ^he form factor, white [s an 

important thing m connection with transformer losses and also 
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for several other purposes. In shifting the phase in the de¬ 
termination of the ratio of transformers, I think Dr. Sharp brings 
oiit quite clearly the points for which I have previously con¬ 
tended, that is, that it was hardly necessar}^ in commercially 
good transformers to take this into account; when the phase angle 
is less than two degrees the correction term in the ratio formula may 
be neglected. Of course, it is true that we have had trans¬ 
formers where this phase angle is more than two degrees, but 
the demand for good transformers which is now well established, 
and which we cannot stop, and which should not be stopped, 
will certainly result in the production of transformers in which 
phase angles, like twm degrees, will be unknown, and if such are 
offered for sale, I think they will be refused promptly. 

The method of determining the distortion of wave form to 
which Dr. Sharp refers is most ingenious and satisfactory, 
and I think this will undoubtedly lead to some practical way of 
determining whether the wave form of a certain alternator 
comes within the requirements of the Institute standards or not 
—that is, to a short and direct way which will not involve the 
necessity of taking the wave with oscillograph or in some other 
way, to see if it comes within the requirements or not. It also 
seems to me that some way will be devised to handle the problem 
referred to, of obtaining Fig. 5 from Fig. 4, of the paper by direct 
measurement. 

I would also emphasize the importance of being able to obtain 
tests of current transformers, by using a low value of impedance, 
in the secondary circuit. The method referred to of using 
mutual inductances is compared with similar methods using 
resistances, and then several advantages are given, but it seems 
to me that other methods have these same advantages, and 
others as well. I have not yet given up the idea that some 
method using thermo-couples will be the ultimate method, 
as no questions of wave form or phase displacement in determin¬ 
ing the ratio can possibly modify the results. Thermal instil¬ 
ments have some peculiarities, and there are some difficulties 
in their employment, but at the same time, primarily, it is the 
correct principle, and I think that some means will be found 
ultimately so that they will be very generally employed. 

In regard to the statement, “The magnetizing current is 
measured on open circuit the voltage being adjusted to the value 
corresponding to a given load of the transformer. It is best 
measured by supplying the current to the secondary or low 
current winding and computing the results in terms of the 
primary.” This is undoubtedly true, but at the same tiipe I 
am not prepared to accept this at present as the universal state¬ 
ment. It appears to me that this should be the correct way to 
do it, but at the same time, as I showed last year in my paper, 
in some transformers we have been able to do it and to get 
very exact results indeed, but I have since found that in certain 
other types we do not get this kind of results at all, and there is 
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something wrong with the way we do it, or else we do not 
understand the situation. I am not prepared to say what it 
is now—I desired simply to say that this statement, while it 
appears that it should be true, I do not think should be ac¬ 
cepted, without more experimental proof, as absolutely covering 
all cases. 

^ In regard to the statement, '' It has been found possible to 
simplify these methods by the employment of one electro- 
dynamometer only, in phase angle test whereas previously two 
electro-dynamometers have been employed.” In justice to 
what has been written on this subject, I revert to page 731, of 
the Transactions of the Institute for 1906, where you will see 
the method using one dynamometer described in a discussion 
which I offered at that time on Mr. Curtisses paper on Current 
Transformers. In fact, we have now been around the circle— 
I think I started with one, but finished with two, and Dr. Sharp 
started with two and finished with one. It is unimportant and 
it makes very little difference. The reason I prefer two instru¬ 
ments is that you can bring one instrument to zero, and have 
some one hold it there, and you can correct most variations in 
the circuit while the measurement on the second dynamometer 
is being made and thus determine the phase angle from one 
measurement. The way it is done in the paper is good, and in 
sorne cases perhaps is to be preferred. It seems to me, ordi¬ 
narily viewed, it would be a little more direct to take one reading 
proportional to the sine of the phase angle then to take one pro¬ 
portional to the sine and another to the cosine, and from these 
readings determine the tangent. 

In regard to loading transformers at various power factors, 
I am weU satisfied with the arrangements which we have, but 

^ matter largely of what one can do handiest. 
vVe had plenty of reactances, and have simply taken meter parts 
and combined them with switches, etc.—there is little to say 

about the speed of using, and the convenience is about the 
same in either case. 

The point referred to about determining the ratio of turns in 
current transformers, is good and could be given quite useful 
application. Of course, in my own work it is not often necessary 
to do this, as we have access to construction records and it is 
only necessary to detennine the ratio of turnsTn ^xaWng 
transformers of other makes. 


_ ' _• - ^ « in the paper I consider to be a 

veD^ ingenious and satisfactory device, and I take this op- 

^ complimenting the authors on the production of it. 

With regard to the large current shunts, I do not approve 
of the construction as shown. It seems to me that they are of 

^ think a moment’s considera- 
tion of the loops which are formed within these shunts, and the 
statement which Dr. Sharp made, that the phase angle is twenty 
mnutes—would support this view. It is only necessary to 
squeeze the two sides of the circuit closer together to remove the 
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phase angle altogether, and with it the necessity of determining 
what the phase angle is, and the correction for it in the measure¬ 
ment. This would simplify the whole matter very greatly. 

I have recently devised a line of shunts with these features, but 
which I will not describe now. 

The remainder of the paper is of interest to me, but I do not 
think you would be particularly interested in any remarks I 
could offer about it. In regard to the whole paper, I want to 
testify to my appreciation of what has been done, and to say 
that it pleases me very much to note that a subject which is of 
real importance, although it does not directly come into the 
field of all of us, still the results obtained are important to all, 
is being considered. I feel quite sure that if this development 
of methods and proof of results can be continued and we can be 
made acquainted with the work which is done, that we will all 
be benefited by it. 

W. H. Pratt : Allusion has been made to recent work done in 
directly measuring large alternating currents and large quan¬ 
tities of alternating current power by direct methods as opposed 
to the zero methods. In the first place, I have always felt doubt 
about the zero methods of measurement, unless we have s. 
very close approximation to the sine wave. The distortion in 
the current transformer may be taken care of all right, but it is 
necessary to have a close approximation to the sine wave to 
start with. 

As to these direct measurements, we have recently found it 
necessary to make measurements of alternating-current power 
and to make them with a degree of accuracy that precludes the 
use of current transformers. 

The great source of error in alternating current instruments 
of large current carrying capacity has been the eddy currents 
induced in the massive copper coriductors. Previous attempts 
to minimize this trouble have consisted in using stranded cable, 
often flattened. This procedure helps a great deal but comes far 
from curing the trouble. 

In the twisted cable, the individual conductors are not all 
similarly located, and, consequently, as the cable heats, the 

distribution of current flow is altered. 

I believe that long ago the possibility of water-cooling instru¬ 
ments was mentioned, but I have never seen it applied until 
very recently, when we constructed a water cooled watt-dyna¬ 
mometer of the reflected type. 

In the water-cooled instrument, the trouble from uncertain 
current distribution is entirely taken care of. The amount of 
current that can be carried in the water-cooled conductor is 
surprisingly great. The conductor that we employed^ in the 
dynamometer, I referred to, was a copper tube 5/32 in. internal 
diameter and only 7/32 in. external diameter, i.e., the walls o 
the tube are only 1/32 in. thick. City water pressure is applied 
at one end so as to get a heavy flow of water through the tube. 
Under these conditions, this very small cross section of copper 
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Will carry with about 6 deg. cent, rise a current of inOfl 
The flow of current could be easily doubled without 
excessive heating. At 1000 amperes^ the currenT dStv ift'S^ 
copper is approximately 55,000 amperes per square inch 

S 

and^toiwouThrtroubierthfl7^*'^^'‘^°°^”^ cannot be applied, 

It has b£n fonnd pSi&e to^miloy coTls 

“f «““»in/tS.by ve"‘M8i\*c'S 

cumntTnnf ”''““«n>cnts, we ha™ enSlSSd 

SThavf"„T3tm?ed”in tCoT "'cenreSte 

for large cSSe^ *op” ‘as hfgh " irX"’ P *“ 

rt?tt‘°eir5rSi°Wb„fe^^^^^^ there^s^oTuesSo; 

of measuring alternating'o^nrwhThTd?^^^^^ 



menrofthfrean vXe 1? IS'' '““y “ the meaaure- 

«f very high frequeney-freJS “yld'roSThem S 
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chanical rectification is possible. It is by the use of an arc 
rectifier, as diagrammatically sketched in Fig. 1. Let Ri and 
be two rectifiers, with negative terminals Ai and A 2 , positive 
terminals Bi and B 2 , and auxiliary terminals Ci and C 2 , and 
assume, as not shown here, that between Ai, Ci, and between 
A 2 , C 2 , an auxiliary direct current arc is maintained to supply 
the conducting vapor stream for the main arc. The incoming 
alternating ciurent connects to terminals Bi and A 2 , while the 
rectifier terminals Ai and B 2 connect to the two terminals of 
the galvanometer G, and the center of the galvanometer coil 
connects to the outgoing current, as showm in Fig. 1. In this 
case the galvanometer measures as direct current the mean 
value of the alternating current. The arrangement, which can 
be modified in various ways, is, as you see, that these two 
rectifiers completely rectify the successive half waves of the 
alternating current, irrespective of how small they are, and how 
high their frequency is. 

Clayton H. Sharp : Mr. Karapetoff wanted to know what the 
criticism was of the old method and of the apparatus which is 
at present available. I would say to him there is not any criti¬ 
cism made. The purpose of the paper was not to criticise old 
methods, but to present something that is a modification of 
these older methods, or has some elements of novelty in it. I 
would, however, call his attention to the fact that this paper 
deals chiefly with zero methods, and that the instruments of 
which he spoke are deflection instruments, also that, being thermal 
instruments, they would not be well adapted to zero measure¬ 
ment work. 

Mr. Robinson spoke of the complication of the method here 
presented as compared with electro-dynamometers. When 
electro-dynamometers are available and the work is done in the 
laboratory, rather than under service conditions, there is no 
complication in their use except that involved in any non-zero 
method. I maintain however that there is no complication in 
the method which has here been presented, and if one has not a 
row of electro-dynamometers, it hardly admits of question that 
the rectifier and direct-current galvanometer and shunts represent 
even less complication than is involved in the construction of 
the whole line of electro-dynamometers, especially as they are 
subject, particularly in the higher values, to difficulties of their 
own. Moreover shunts can be constructed for much larger 
currents than electro-dynamometers can be constructed for. 

I want to take issue with Mr. Robinson in another ^matter, 
and that is his statement that it is unnecessary to go into the 
measurement of these transformers ^to any higher degree of 
refinement than the instrument which is to be used in the 
secondary side is capable of. I do not think he is right in that 
statement. I think we want to do something better than direct 
reading instruments will do. If our^ transformer is capable or 
better work through its constants being determined to a higher 
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degree of accuracy, we ought to do it, and then to bring up the 
instrument on the secondary side to a higher standard of ac¬ 
curacy to correspond thereto. 

As to Mr. Robinson’s contention that the phase angle is 
a negligible quantity in determining the ratio, undoubtedly the 
ratio can be determined, even though the phase angle is ne¬ 
glected. However, the phase angle needs to be known for 
accurate reading with watt hour meters and wattmeters, and the 
method presented here includes determination of that angle 
without introducing any complication into the work. 

L. T. Robinson: I fear Dr. Sharp misunderstood me. I 
appreciate the importance of the measurement of the phase 
angle, and brought that out in a previous paper. It was the 
importance of the lag—the necessity of taking into account the 
phase—in determining the ratio, and I would also say I fully 
appreciate, and described the advantages of most of the zero 
methods in the paper which I presented a year ago. That is 
not the point—^it is simply the particular method of carrying 
out these zero methods that seems to me a little more com¬ 
plicated than is necessary. 

Clayton H. Sharp: Regarding Mr. Robinson’s reference to 
the paper of a year ago, I want to say that this work has been in 
active progress in our laboratories for well on to three years, and 
the method described is not a new thing with us. I described 
it briefly at our last convention. 

William W. Crawford: I have very few points to add to 
what Dr. Sharp has said. In answer to Professor Karapetoff’s 
inquiry as to the particular advantages of the rectifier, as used 
with the direct-current galvanometer, I would like to say that 
by rectifying the alternating current, the entire energy available 
in the galvanometer circuit can be applied to the galvanometer. 
A device which converts the available energy into heat, and then, 
by means of a thermal or some similar effect, regenerates a very 
small proportion of this energy into current, cannot have as great 
sensitiveness. 

In the measurement, by deflections, of moderately large 
quantities, the use of a direct current instrument with a syn¬ 
chronous reversing key is not as accurate as the ordinary alter¬ 
nating current instruments. 

Mr. Robinson has referred to the difficulties encountered 
in this method. In the article we have described in full the 
difficulties we have encountered in this method, such as leakage 
between the motor circuit and the galvanometer circuit, and 
imperfections in the mechanical actions of the rectifier. It 
has been my experience, however, that with equal sensitiveness 
in the electro-dynamometer and the direct-current galvanometer, 
the leakage effects would be nearly equal. Of course, that may 
be contrary to the experience of others. 

Mr. Robinson has suggested an alteration in the design of 
the heavy capacity shunt—that designed for 5,000 amperes. 
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The calculated phase displacement at 60 cycles of this shunt, 
based on the distance between the outgoing and returning leaves 
of the plate, amounts to about eight minutes, whereas the 
measured value is twenty-two minutes. That eight minutes is 
the amount we could probabl}^ get rid of by squeezing the plates 
together. There is an amount of fourteen minutes there which 
is introduced by the terminal blocks, which form a considerable 
loop in such a manner as to affect the plates unequally. It 
therefore is necessary to measure the phase angle of the shunt, 
and I think this is a desirable precaution, even though all in¬ 
dications of design would point to the shunt having a zero 
phase displacement. 



A 'haperpresented at the 252nd meeting- of the 
American Institute of Electrical Engineers^ 
New York^ October 14, 1910. 


Copyright 1910. By A. I. E. E. 


POTENTIAL STRESSES IN DIELECTRICS 

BY HAROLD S. OSBORNE 

High Voltage Insulation 

The property of a dielectric in which one is particularly in¬ 
terested in the design of high voltage insulation is its ability 
to resist the stresses exerted upon it by the voltage, tending 
to disrupt it, and to force a large current through the puncture. 

The fundamental assumption which is made with regard to 
this property is that the force tending to disrupt the material 
at any point is measured by the electric intensity at that point, 
that is, by the force which would act upon a unit charge placed 
at that point. Thus Maxwell makes this statement:^ 

“ If the electromotive intensity at any point in a dielectric 
is gradually increased, a limit is at length reached at which 
there is a sudden electrical discharge through the dielectric. 
The electromotive intensity when this takes place is a measure 
of what we may call the electric strength of the dielectric.” 

This critical value of the electric intensity in a dielectric is 
itself called, in common parlance, the electric strength of the 
dielectric. 

Granting the existence of this definite physical constant, the 
electric strength of a dielectric, that is, a definite value of electric 
intensity which cannot be continuously or repeatedly exceeded 
without disrupting the dielectric, the voltage required to break 
down a given design of insulation depends evidently upon two 
factors: 

1. The electric strength of the dielectric. 

2. The distribution of the electric intensity, or, as one may 
now call it, the electric stress, in the dielectric. 

1. Electricity and Magnetism, Vol. I, Art. 55. 
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With regard to the electric strength of the dielectric it need 
only be remarked that if one could devise materials of any de¬ 
sired electric strength, and possessing the necessary mechanical 
properties, insulation problems would be at an end. There seems 
little prospect, however, of the production of materials having 
greatly increased electric strengths until our knowledge of the con¬ 
stitution of matter is much more intimate than it is at present. 

The second factor, the distribution of electric stress in the 
dielectric, depends upon its configuration. With an ideal dis¬ 
tribution, the stress would be uniform throughout the dielectric, 
but in a homogeneous material this distribution can, unfortun- 
ately, occur only between infinite parallel conducting planes, which 
of course are not to be found in practice. When a conductor is 
insulated by surrounding it with a homogeneous dielectric, the 
stress is greatest at the surface of the conductor and less on the 
outer layers of insulation. Because of this non-uniformity in 
the distribution of the stress, the breakdown voltage of the wall 
of insulation is less than the product of its electric strength and 
its thickness. In high voltage insulation, the thickness of the wall 
required is relatively great, and the non-uniformity in the distribu¬ 
tion of stress is so great that it becomes important to increase, by 
some device, the stress on the outer layers of insulation, so that 
they may be stressed equally with the inner layers. 

In considering methods of accomplishing this result, those 
methods applicable to apparatus for alternating-current working 
are of primary importance. If one imagines the insulation to 
be divided into layers, it may then be considered as a set of 
capacities in series, the inner capacities being the smaller and 
hence supporting the greater stress. Two general methods are 

employed to equalize the stress on the layers. This equalization 
is accomplished either: 

1. B} connecting layers of metal foil, separating the layers 
of insulation, to points of suitable potential. 

2. By increasing the capacity of the inner layers. 

These same methods may be applied to apparatus for direct- 
cuirent workmg, if it be borne in mind, in applying the second 
method, that m direct-current working the final stresses on 
ye different layers are determined by their relative conduc¬ 
tances instead of by their relative capacities. 

The first method, requiring sources of various potentials, is 
no a ap e to many cases, but can be conveniently applied 
m the msulation of a transformer, where any desired voltage 
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may be tapped from the high tension winding. In England a 
patent- has been granted to the Siemens Bros. D^mamo Works, 
Ltd., covering this method of insulating high voltage trans¬ 
formers. Substantially the same expedient has been suggested^ 
by Professor H. J. Ryan for protecting the minor insulation of 
high-voltage windings against excessive stresses. 

The most obvious way of applying the second method of 
equalizing the stress, that of increasing the capacity of the 
inner layers, is to separate the layers by metal foil, and connect 
additional condensers across the inner layers. This method has 
been suggested for underground cables, but it has the disad¬ 
vantage that it requires apparatus external to the cables them¬ 
selves. This method has, however, been applied very ingeniously 
and successfully to the design of the condenser type of trans¬ 
former terminal, which has been recently described^ by Mr. A. B. 
Reynders in a paper presented to the American Institute of 
Electrical Engineers. 

A method of increasing the capacity of the inner layers which 
is capable of a broader application, and which does not require 
the insertion of metallic layers, is the grading of the specific 
capacity (also called the dielectric constant) of the dielectric, 
making it higher in the inner layers than in the outer. This 
method has the advantage that it does not require the insertion 
of metallic layers between the layers of insulation. It is this 
method which is being applied in the manufacture of extra-high 
tension cables. 

The Grading of Cables 

The grading of cables seems to be worthy of a detailed con¬ 
sideration for three reasons: 

1. The single-conductor concentric cable is of sufficiently 
simple configuration to permit of mathematical treatment by 
the ordinary methods of analysis, which lead to a complete 
theoretical solution of the problem of so grading the cable as 
to give a maximum voltage strength. 

2. The manufacture of high voltage cables is now of com¬ 
mercial importance, and its seems certain that the demand for 
graded cables will increase with further development of high- 
voltage underground transmission. 

2. British Patent 21860 of 1907. Engineering, July 17, 1908. 

3. Some Elements in the Design of High Pressure Insulation. Interna¬ 
tional Electrical Congress of St. Louis, 1904. 

4. Proceedings of the American Institute of Electrical Engineers, 

March, 1909. 
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3. It is worth while for engineers, who frequently specify 
the thickness of insulation on their cables, to understand the 
possibilities offered by grading. In a rubber-insulated cable 
which was recently manufactured, the thickness of insulation 
specified by the purchasing engineer was so great that the 
manufacturer found it expedient to put the rubber on in two 
layers, though these layers were ungraded. If those layers had 
been properly graded, the cable could have been built with one- 
fourth the volume of insulation actually specified, and operated 
with the same maximum stresses. 

Historical The grading of cables has been discussed in 
several papers, the more notable of which are mentioned below. 

It seems to have been first pointed out® to engineers by Mr. J. 
Sw'inbume, in 1897, that the electric stress in concentric cables 
is not uniform, but varies inversely as the distance from the 
axis of the cable. Mr. M. O’Gorman, in 1901, suggested® 
remedying this defect by grading the electrical constants of the 
wrappings, so that the outer layers should be stressed equally 
wdth the inner. In particular, he proposed to increase the con¬ 
ductivity of the inner layers of direct-current, impregnated 
paper cables by adding small portions of linseed oil, or of a 
similar oil, to the impregnating compound. 

Mr. E. Jona, of Pirelli & Co., Milan, discussed the grading 
of cables in a classical papeff presented to the International 
Electrical Congress in 1904. Among other things, this paper 
describes a graded rubber-paper cable which was built by 
Pirelli & Co., gives the results of a theoretical investigation 
of the effect on the stress of stranding the conductor, and re¬ 
counts some experiments made by Mr. Jona, to which frequent 
reference is made later in this paper. 

Still more recently. Professor A. Russell has presented® this 
subject to the Institution of Electrical Engineers. Professor 
Russell s paper discusses methods of determining the electric 
strength of materials, and a number of interesting questions, 
such as the effect of temperature and of conductance on the 
distribution of the stress. In this paper are also presented 

5. In a paper on Electrical Transformation before the Env Societv 
See Mr. O’Gorman’s paper, Note (6). 

6. Journal of the Institution of Electrical Engineers, Vol. 30, p, 608. 


7. Transactions of the International Electrical Con 
1904. Vol. II, p. 550. 

8. Journal of the Institution of Electrical Engineers. 


gress of St. Louis, 
Vol. 40, p. 6. 1908. 
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formulae for grading concentric cables, derived on the assumption 
that all the layers of insulation should be subjected to the same 
maximum and minimum stresses. 

Grading FormulcB. For heavy walls of insulation Professor 
Russell’s formulae do not give the best possible designs. The 
problem of determining the constants of a graded single-con¬ 
ductor cable of a given type in such proportions as to give the 
maximum possible voltage strength can be solved in the manner 
indicated below. 


The electric intensity near a long, uniformly charged wire 



Fig. 1.—Potential gradient 
in a single-conductor cable 


which is surrounded by concentric 
layers of insulation is found, by a 
simple integration, to be equal to 



where Q is the charge on the wire per 
unit length, s is the specific capacity 
of the dielectric at the point con- 
vsidered, and p is the distance of that 
point from the axis of the wire. 

If the conductor has a radius r^. 
and is surrounded by a homogeneous 
insulation of outer radius and by 
a conducting sheath, the expression 
for the electric stress becomes 



where V^ is the potential difference between the conductor and 
the sheath. 

The distribution of stress is then represented by the curve 
0 a Cj Fig. 1, and if 0 A represents the electric strength of the 
dielectric, the, area A 0 aC B represents the highest voltage 
which can be impressed upon the conductor without rupturing 
a part, at least, of the wall of insulation. If the stress -were 
uniform throughout the wall of insulation, the rupturing voltage 
would be represented by the rectangle A 0 nB, 

If now the insulation be divided into layers having outer 
radii specific capacities Sj, Sjj respectively 
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Sf3 graded that the stress at the inside of each layer is brought up 
to the value .4 0, or to the electric strength of the material, the 
rupturing voltage of the cable is evidently represented by the 

area 0 a Ih 2 . k {n — 1) mB A., and approaches nearer 

and nearer to the maximum value, rectangle A o n B, the greater 
the number of la vers. 

In such a graded cable the equation for the stress becomes 




. + i-fe Oji 
rn-i 



Since the maximum stress on each layer is at its inner radius, 
the voltage which will just cause breakdown of the inner layer is 



■^vhere represents the electric strength of the inner layer. 

It all the layers are to be stressed to the point of disruption by 
the same voltage, we must evidently make 


•^1 ^'o -^2 ^2 ?'i - • • . . = F„ s„ . (5) 

where F* is the electric strength of the kth layer 
_ Under these conditions formula (4) for the disrupting voltage 


n-1 


1 " 


■^1 “^0 



_1_ 


In 


FkSk 


F 


k+ 1 ^^4- 1 


+ 


In 


■n 


P'njn r 

Pi ^ 


o -J 


( 6 ) 


of?" becomes that of finding the maximum value 

Snrrt its variable factors. if I 

quantitv camot be ® , indefinitely with so that 

Itical-maximL T'tfncTelffd 

with the electric stre“na S N “ general, 

strengths are limited at present in f these electric 

to a verv few values thev N- manufacture of cables, 

es, they are not properly considered variable. 
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The specific capacities can be varied throughout a certain range, 
both in impregnated paper and in rubber compounds, without 
materially affecting the electric strength of the material. 

We may then determine a mathematical maximum of Vq 
for any of these conditions: 

1. The outside diameter, 2 alone fixed. depends in 


this case upon the n independent variables r^. 





and its maximum value is the maximum voltage which can be 
insulated by a given external diameter of the given materials. 

2. The outside diameter, 2 and the diameter of the con¬ 
ductor, 2 fixed. is then a function of the (n — 1) independ- 


£ £ £ 

ent variables —, —1, . . . —- . The conditions for maximum 

£2 ^3 

give the constants of a cable which will insulate a given 

Cl o ^ 

conductor for a given voltage with the smallest possible outside 
diameter of insulation. 

3. The extreme radii (r^ and rj fixed, and also the extreme 


£ 

ratio of specific capacities, —This last limitation is imposed 

in many cases by the present commercial limit in the variability 
of the specific capacities. F^ then depends upon the w - 2 in¬ 
dependent variables —, —, . . . —— . The conditions for 

£2 £3 

maximum give the same results as those for the second 
case, but under this added restricting condition. 

Design Curves. The formula® expressing these conditions, 
and the resulting design formula for graded cables, are implicit 
logarithmic equations. From them, how^ever, may be plotted 
curves from which the best designs may be read directly. Fig¬ 
ures 2, 3, 4, and 5 show these design curves for four different 
types of cable. If one wishes to insulate a given size of conductor 
for a given voltage, he takes the required ratio of diameter of 
insulation to diameter of conductor from curve that ratio 
being read from curve A if one wishes to design for a given voltage 
an insulation with a given outside diameter. With a determined 

value of —“ the other quantities of the design are read directl}' 

r „ ■ ■ . ■.. 


9. See Appendix, Note 1. 
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from the curves. The values of the intermediate radii of the 
layers are obtained by remembering that 


^I ^0 ^2 ^2 ^1 . F n, £n ^n-i 


(5) 


T 

The solid line marked Max. gives the value of —^ for the 

^0 

largest ratio of voltage to outside diameter. The vertical 


dot-and-dash line cuts the curves at that value of 


n 


which 


calls for a ratio of specific capacities which seems to be the 


present commercial limit. For larger values of 


r 


n 


we must 


TWO LAYERS OF INSULATION, Fi = F2 



n 

Fig. 2.—Design curves of a single-conductor cable 


£ 

introduce the condition that the value of ~ is kept constant 

at this maximum value. The design under this added condition 
is represented by the dotted curves, and Max^ represents the 
highest ratio of voltage to outside diameter which can then be 
obtained. 

Figs, 2 and 4 are for cables of two layers and three layers 
respectively, the layers being all of the same strength. The 
maximum ratio of specific capacities attainable at present is 
taken to be two, which seems to be about correct for either 
rubber or impregnated paper insulations. 
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Figs. 3 and 5 give the curves for two-layer and three-layer 
cables respectively, in which the outside layer has an electric 
strength equal to two-thirds that of the inside layer. This is 



about the ratio between the electric strengths of impregnated 
paper and rubber, and these curves may be used for the design 
, of cables having inside layers of rubber and an outside layer of 



paper. The commercial range of specific capacities for this 
case seems at present to be about 2.4, and curves have been 

drawn for this maximum value of —. 
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It is interesting to note the greatest voltage which can be 
applied to cables of different designs having a diameter over the 
insulation of 70 mm. (about the largest that can be drawn, when 
sheathed, into a standard duct), the allowable stress in the rubber 



being assumed to be 6 kv. per mm. (effective), and that on the 
paper 4 kv, per mm. It is assumed that the available variation 
in specific capacities is sufficient to allow the best designs. The 
results obtainable are shown in table I. 


TABLE I 


No. layers 

Insulation 

Rad.of core 
mm. 

Circular 
■ mils 

I'o 

(kilovolts) 

1 

All rubber. 

12.9 

1030000 

78 

2 

All rubber. 

6.85 

290000 

112 

3 

All rubber. 

' 4.29 

114000 

132 

2 

Rubber-paper. 

8.24 

420000 

90 


Rubber-rubber-paper. 

5.59 

194000 

115 


Fig. 6 compares what may be called the voltage efficiencies of 
the different designs, that is to say, the voltage sufficient to 
overstress a given cable is expressed as a fraction of the voltage 
which would puncture a uniformly stressed layer of insulation 
having a thickness equal to the outside radius of the insulation 
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of the cable. The maxima are indicated by short vertical lines, 
and it is noticeable that the graded cables not only show maxima 


T 

which are higher and at greater values of —— than that for 

f 

0 

the ungraded cable, but that the curves are much flatter at the 
maxima than the curve for an ungraded cable. The circles 
indicate the points at which the present commercial limits in the 
ratios of specific capacities are passed. The curves for cables 


having larger values of 



and using the commercial limits 


£ 

of —are somewhat lower than those in Fig. 6. 



Fig. 6.—Maximum voltage efficiencies of cables 

Fig. 7 gives the results of Fig. 6 plotted as percentages of the 
voltage strength of an ungraded cable. This figure then shows 
the increase in voltage strength to be gained by grading a cable 
of given; dimensions. Curve I represents in thib instance the 
values for an ideally graded cable, i.e., one having a uniform 
stress throughout. Curves III and IV so nearly coincide that 
curve IV has been omitted. 

Fig. 8 shows the volume of insulation to be saved by grading 
cable of fixed voltage strength and size of conductor. The 
ordinates are the volumes of insulation required by graded 
cables expressed in per cents of the volumes required by the 
ungraded cable. The circles on the curves have the same sig¬ 
nificance as those in Fig. 6. 
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Figs. 2 to 8 are sufficient to show the results which can be ob¬ 
tained by the best designs under certain conditions. Formulee 
can be derived from the general equations for cables of any 
desired types. In cases where especial conditions are imposed 



Fig. 7.—Voltage strength of graded cables 


by the properties of the materials available or by the conditions 

o manufacture, the best design can be determined from the 
general equations. 

Conductance of the Dielectric. The results noted above depend 



on e assumption that no conductance current flows in the 

le ec nc. is is not true, and it has been pointed out'® by 

Professor Russell that the conductance may influence the dis¬ 
tribution of stress. 
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If the conductance of the different layers be taken into account 
equation (3) for the stress in the dielectric becomes in complex 
notation 


p 


V. 


£ 


1 


: 18 ( 10 ) 


% 





n 


In 


n 


1 ^k-] 


: 18 (10)^^ r,.i 


n 



where gk is the conductivity of the kth layer in mhos per 
cm., and n is the frequency of the impressed sinusoidal electro¬ 
motive force. 

This equation reduces to equation (3) under any of the three 
conditions 


n = 00 


gl- g2= • 

ii- = = 

^2 


= gn = 0 

— 



In case n = 0 (direct-current working), the equation reduces 
exactly to the form of (3), with the values of £ 2 , etc., replaced 
by gi, g 2 , etc., respectively. 

From equation (7) it may be computed that in any case the 
effect of conductance is less than five per cent if 


Rne > 5.6 (10)® (9) 

where R is the insulation -resistivity in megohm-cm. 

This condition, (9), is well met by any ordinary frequencies 
and insulating materials. The complete negligibility of the 
conductance of the dielectric in ordinary cases is well illustrated 
by Fig. 9, which shows the effect of low insulation resistance in 
the inner layer on the charging current of a particular two-layer 
condenser. It is seen that at commercial frequencies anything 
having an insulation resistivity of less than 50 megohm-cm. acts 
as a perfect conductor, while any resistivity greater than 40,000 
megohm-cm. acts as a perfect insulator. The insulation resis¬ 
tivity of impregnated paper is ordinarily stated to be about 10 
million megohm-cm., and that of rubber about 800 million 
megohms-cm. 

The effect of conductivity increases with decreasing frequency, 
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and with continuous pressures the final stresses are deter¬ 
mined by the relative conductivities of the layers just as they 
are determined for alternating pressures by the specific capacities. 

Temperature. Professor Russell has pointed out that the 
temperature gradient in the insulation may, by its effect on the 
conductivity, have a large influence on the distribution of stress 
in direct-current cables. The effect of the temperature on the 
specific capacities of ordinary materials is smaller, and in such a 

direction that it tends to reduce the stress on the inner layers of 
the insulation. 

Multi-Conductor Cables. Cables with two and four, and par 
ticularly those with three round conductors inside a sheath 
are of such commercial importance that formula for grading 
them are much to be desired. Unfortunately they are like 

PER CENT TWO-LAYER CYLINDRICAL CONDENSER 



Fig. 9. Effect of leakage conductance on charging current 

almost every other piece of electrical apparatus in that the 
potential gradient in the insulation cannot be exactly expressed 
in simple mathematical language. 

A familiar approximate solution^ is obtained by considering 
tlie charge on each conductor to be concentrated either at the 
centre of the conductor or at the appropriate inverse point rela- 
tme to the sheath. The results obtained by such an approxima¬ 
tion are far from exact if the conductors are large relative to the 
sheath. In cables for very high voltages, however, the con¬ 
ductors must be small relative to the sheath, and in such cases 
the approximation is very good. It seems probable, then, 
that rational grading formula for multi-conductor cables can 
be developed from the approximate solution. 

11- See Appendix, Note 2. 
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Corona in Solid Dielectrics 

The theoretical results which are outlined above rest upon the 
fundamental assumption concerning electric strength which was 
mentioned at the beginning of this paper. It has been assumed 
that the electric strength of a dielectric is a real physical constant, 
measured by the electric intensity which, continuously or re¬ 
peatedly applied, disrupts the dielectric. As this assumption 
has been assailed, notably in the discussion^^ of Professor Russell’s 
paper, to which reference is made above, it may be worth while 
to consider it in some detail. 

Maxwell laid a foundation for this assumption in the words 
already quoted: “ The electromotive intensity when this 
(sudden electrical discharge through the dielectric) takes place 
is a measure of what we may call the electric strength of the 
dielectric.” 

Under certain circumstances this disruption extends through 
only that part of the dielectric which is near the conductors, as 
is the case in the familiar corona in air, and does not extend 
through the entire mass of insulation. Reasoning probably 
from the familiar and undisputed cases of corona. Professor 
Russell has advanced the hypothesis that there exists in solid 
dielectrics a corona similar to that in air, which disrupts, the 
entire overstressed portion uniformly, charring it and rendering 
it worthless as insulation. 

For instance, the insulation about a wire which is insulated 
to more than 2.7 times its diameter will, according to this 
hypothesis, as the stress upon it is increased, first break down in 
a little uniform layer around the conductor. The breakdown 
of this layer will be insufficient to overstress the rest of the di¬ 
electric, so as the voltage is further increased, a zone of uni¬ 
formly disrupted dielectric will extend out from the wire, within 
which zone the insulation is valueless, and at the surface of 
which the stress on the insulation is just equal to its electric 
strength. After this corona reaches a radius equal to 10/27th 
of the outside radius of the insulation, any further increase in 
voltage will overstress the rest of the insulation, and it wdll 
puncture. 

According to this hypothesis, then, small wires insulated to a 
large outside diameter with a homogeneous dielectric will all 

12. Journal of the Institution of Electrical Engineers, 1908, Vol. 40, 
p. 33. Professor Russell’s paper and this discussion are referred to re¬ 
peatedly in the following pages. 
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be expected to puncture, irrespective of the actual size of the 
wire, at a voltage to be computed by replacing with a conductor 
all the insulation within 10/27th of the outside diameter of the 
insulation. 

In support of this theory. Professor Russell quoted one of two 
careful experiments performed by Mr. Jona. He insulated two 
wires, one of 1 mm. diameter and one of 29 mm. diameter with 
the same thickness, 14 mm., of paper, and punctured the two 
cables thus formed. Two similar cables were made with rubber 
insulation. From the puncturing voltages of the larger cables 
can be computed the voltages at which the smaller cables should 
puncture according to Professor Russell’s hypothesis. The 
results obser%red, and those thus computed, are given in Table II. 


TABLE II 


Type of instdation 
f Paper. 

Puncture voltage, Kilovolts 

computed 

43 

31 

observed 

40 

22 

1 Rubber. 

___ 


The agreement in the case of the paper cable is very good. It is 
interesting to note that in both cases the observed values are 

even low^er than those called for by Professor Russell’s hypo¬ 
thesis. 

Accepting this hypothesis as correct, one would expect to 
find a visible change in the layers of insulation which have been 
subject to corona. Professor Russell quoted several men who 
have observ^ed the partial destruction of a wall of insulation, but 
it is not clear in any case that the deterioration observed can be 
attributed to corona. A visible change in the dielectric is, 
however, perhaps not a necessary result of the complete destruc¬ 
tion of its insulating properties. Professor Russell remarked 
in closing the discussion of his paper: 

Whether charring occurs or not, I think that once the di- 
electnc has been broken down, it will never prove of much future 
use, mechanically or electrically, as a covering.” 

Corona^ in Air. In absence of experimental proof, it appears 
that the idea of corona in solid dielectrics has its chief basis on 
the familiar occurrence of corona in gases. The present state of 
our ^owledge of corona in air is admirably summed up by 
Mr. E. A. Watson in a paper^^ recently presented to the In¬ 
stitution of Electrical Engineers. Mr. Watson has supplemented 
t e very complete determinations made in this country, notably 

TZ, Electrician^ London, Feb. 11, 1910. 
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by Mr. R. D. Mershon/^ of the corona loss from wires under 
alternating pressures, by a very valuable series of tests with 
continuous pressures. His conclusions regarding the character 
of corona in air may be briefly summarized as follows: 

The fact that a loss does occur with direct pressures shows 
that it is incorrect to consider the alternating current loss to be 
due to the flow of charging current through the disrupted strata 
of air, neither can it be considered to be due to the conversion 
into heat of the electrostatic energy stored in the air when break¬ 
down occurs. Experiments of Rhigi and others have shown 
that the discharge of electricity from steadily electrified points 
consists in a stream of gaseous ions moving with a velocity of 
about 1.5 cm. per second for a field of one volt per cm. Mr. 
Watson’s computations, based on this fact, indicate that the 
discharge from the wire is carried by certain agglomerations 
of molecules, and not by the whole mass of air. Tests 
of the corona in air from different sizes of wire indicate 
that the electric strength of the air is not constant, but varies 
inversely with the diameter of the wire, dropping from a value 
of 81.4 kv. per cm. for a diameter of wire of 0.70 mm., to about 
39 kv. per cm. for diameters of 12 mm. or larger. Mr. Watson 
considers the most reasonable explanation of this to be the 
assumption that the layers of air next to the wire have a higher 
electric strength than the main body of air. This is an old idea, 
suggested by Steinmetz, Ryan and others, and one which seems 
to have some experimental basis. 

These ideas concerning the nature of corona in air, as summed 
up by Mr. Watson, are of such a nature that it may well be 
questioned whether there is a similar effect in solid dielectrics. 
The discussion of Professor Russell’s paper before the Institu¬ 
tion of Electrical Engineers produced a good deal of opposition 
to his views on this subject, based largely on the fact that the 
charring effect of partial breakdown of the dielectric does not 
seem to have been definitely observed. The opinion of a good 
many men seems to be typified by a remark of Mr. George H. 
Nisbett in discussing Professor Russell’s paper: 

“ I am further strongly of the opinion that no such effect has 
been observed as a partial breakdown of a solid dielectric where 
a layer of air has been entirely absent. I have never seen 
anything of the sort.” 

14. Proceedings of the American Institute of Electrical Engineers, 
June 1908. 
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Mr. Jona, whose opinion on this subject is important, remarked 
in the same discussion: 

“ I have been engaged for over ten years upon this subject, 
and my present conclusion is that unfortunately the experiment 
is most difficult, and often gives results which are not in accord, 
owing perhaps to the non-homogeniety of the dielectrics, and 
that theories based solely on the gradient of the potential are 
deficient. Such theories are partially true, but they do not 
represent the whole truth.” 

In support of his views Mr. Jona tells of an experiment with 
an especial cable. A copper wire 4 mm. in diameter was insu¬ 
lated with jute to 8 mm., surrounded with a thin brass tape, 
and then with 3 mm. of rubber. With a potential of 8000 volts 
across this cable, the stress on the jute (3300 volts) was suffi¬ 
cient to puncture it, charging current flowed through to the brass 
tape, and the entire stress was thrown upon the rubber. This 
is as one would expect. A second cable 'was then constructed 
identical with the first, except that the brass tape was omitted, 
there being then no conducting layer between the jute and the 
rubber. On Professor Russell’s corona hypothesis one would 
expect the jute to carbonize at voltages above 8000, and the 
capacity of the cable to increase eventually to that of the layer 
of rubber. As a matter of fact no such effect was observed. 
Mr. Jona found the capacity to be practically constant between 
5000 and 15,000 volts. No carbonizing of the jute was ob¬ 
served. This result is distinctly not in accord with the corona 
hypothesis and may be due, Mr. Jona suggests, to a supporting 
action of some sort between the jute and the rubber. 

Results similar to those of Mr. Jona’s experiment have been 
obtained with a piece of No. 14 wire, insulated to 8.5 times its 
diameter with rubber. Tests of the electric strength of the 
rubber with which it is insulated show that at voltages higher 
than 35,000, the inner part of the rubber is overstressed, and 
hence, according to the corona hypothesis, the charging current 
should increase along the curve A of Fig. 10. As a matter of 
fact, it increased along curve B. At each point of the curve the 
voltage was held constant until the capacity stopped increasing. 
As is indicated by the double points, a slight increase with time 
was noted, thus at the highest point observed the charging cur¬ 
rent increased between the two values indicated in two minutes, 
and then was constant for five minutes. Above 44 kilovolts 
the cable punctured above the surface of the water in which it 
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was immersed, at a deep gash wdiich ozone had eaten in it. 
Another piece of the same cable punctured tinder the water 
at 50 kilovolts. 

Exp 6 Tifvi 0 %ts with OylifidTical Coftde'PiscTs, In the attempt to 
get a more definite indication of the real condition of an over¬ 
stressed dielectric, a special two-layer cylindrical condenser 
was constructed. As indicated in Fig. 11 it consisted essentially 
of a heavy glass tube, or tubes, G-, into 'which w^'as drawm a rubber 
insulated wire, R. Paraffin terminal pieces, T, were melted 
onto the ends to prevent end leakage, and to prevent puncturing 
at the edges of the outer electrode, which consisted of tinfoil 
wrapped tightly about the tube and about the inner cones of 
the terminal pieces. 



10 20 30 40 kilovolts 50 

VOLTAGE 


Fig. 10.—Charging Current at high voltages 

The method of measuring the charging current is also indi¬ 
cated in Fig. 11. CQ is a standard condenser, variable between 
0.001 and 1 microfarad, connected in a series with the test con¬ 
denser, E is an electrostatic voltmeter for measuring the voltage 
drop across Cq, and P is a protective device. This method was 
used not only in these experiments, but also in determining the 
specific capacities of the dielectrics used in the experiments. 
These'Constants were thus determined under the conditions ruling 
during the tests of partial breakdown. 

A representative set of constants for the apparatus follows: 

Rubber, q = 6.3 = 18.3 

F, == 35 + 


Glass, £2 = 8.5 
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The combination therefore forms an inversely graded cylind 
condenser, in which the inner layer is overstressed by volt 
which stress the outer layer but slightly. 

From the constants of the apparatus it can be comp- 
that at 24 kilovolts the rubber begins to be overstressed, 
the charging current should increase, according to the co¬ 
hypothesis, along the curve A of Fig. 12, assuming, at 27 ; 
volts the value due to the capacity of the glass cylinder al 
The curves jB-l.and B-2 represent the values of charging cur 
observed during two successive tests. It is seen that bet^ 
24 kilovolts and puncture at 28 kilovolts, the apparent capa 
increased but slightly, and by no means as much as is called 
by the corona hypothesis, that is, by the complete breakd 
of the insulation in the overstressed region. 



Pig. 11.—Apparatus for measuring charging-current at high volt 

A second, and unexpected, result is that the whole appan 
punctured at 28 kilovolts though the glass tubes alone 
capable of withstanding twice that voltage. At this punctu: 
voltage the potential across the glass tubes, as computed 
ordinary methods, wms about 10 kilovolts, while that across 
rubber was about 16 kilovolts, a little higher than the voli 
(13.8 kilovolts) at which the rubber punctures alone, 

A third result w^as obtained by withdrawing the wire from 
tubes after the voltage had been applied, and examining it 
insulating properties. In appearance, even under the mi 
scope, the rubber wms sound. Mechanical tests failed to indi( 
any deterioration. The insulation resistance of the short len< 
used in the test could not be very satisfactorily tested, bu 
wms certainly more than 100 megohms per 1000 meters. Wh( 
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voltage test was applied, however, the insulation was found to 
hoe markedly deteriorated. Rubber which had been highly over¬ 
stressed could not withstand at any point a voltage readable on 
tlie high-tension apparatus, and rubber which had been but 
slightly overstressed showed numerous very weak spots. 

A difficulty in accepting these results as wholly conclusive 
arises from the fact that the thin layer of dielectric between the 
glass and the rubber, where the two did not fit exactly together, 
svas itself disrupted by the voltage stresses. After the first 
bests had been made with air between the rubber and the glass 
an unsuccessful search was made for an insulating liquid which 
vsrould not be overstressed during the experiment. Castor oil 



Fig. 12.—Charging current at high „ voltages 


vas used in some of the tests, but under the stresses exerted upon 
t., it evolved little bubbles of gas, even when it had been put 
inder an air-pump directly before the experiment. A test was 
in ally made with a mineral oil which, though it was over¬ 
dressed during the experiment, showed no bubbles or visible 
igns of deterioration. The tests with the different insulating 
iq[uids all indicate the same results. In the tests the results 
>f which are represented in Fig. 12 castor oil was used between 
he rubber and the glass. 

The possibility remains that if one could introduce between 
he rubber and the glass an insulating liquid which would not 
)e overstressed during the experiment, the results noted here 
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would not be observed. Such a possibility seems remote, how¬ 
ever, in view of the fact that all the effects observed are ex¬ 
plained by a very simple and convincing hypothesis concerning 
the nature of this partial breakdown. 

Let us accept the assumption that an excessive potential 
gradient at any point always disrupts the dielectric at that point. 
It seems evident upon consideration that, even in a perfectly 
homogeneous dielectric, the uniform breakdown required by the 
Russell hypothesis would be a condition of unstable equilibrium, 
for if the breakdown proceeds a little farther at one point than 
at the points around it, the charge flowing into that advanced 
point will reduce the stress on the surrounding points, and the 
more intense field at the end of the advanced point will tend to 
push the breakdown farther and farther into the dielectric. 
Commercial dielectrics, w^hich cannot be perfectly homogeneous, 
should then be certainly expected to break down not uniformly, 
but at a number of points, so that the incipient breakdown 

produces much ^ the same effect as a number of needlepoints 
thrust into the insulation. 


This simple hypothesis seems to explain all the results of 
the experiments noted here. When, in the rubber-glass con- 
enser, the needlepomts of disrupted rubber reach the glass, 
e\ wi^ tend to puncture it at a much lower voltage than would 
e require u ere the inner surface of the glass an equipotential 
surface The apparatus punctured in these tests at about 28 
kilovolts though when alone the glass could withstand more 
an oO kilovolts, hen subjected to potential from an actual 
steel needlepomt surrounded by insulation, the same tube punc- 

S'v i„f„ S”* :: „,ust push their 

tress in the rubber down to its electric strength They must 

take some additional charc^incr current hilt nrht ^ 'i 7 must 

uould be required were the entire inner layer disrupted and in 
Of .he a.eiect.c r-htch “Sw h~“ 

material The charcr^r..!? t strength of the 

assumption have been dravm in Fioures 10 and loT® 7^ 
Ih the test of the cable the curve XWiS is ' IW 

agreement rrith the observed values In^ihe «v “ 

in the experiment with 
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the rubber-glass condenser the observed values are somewhat 
greater than those of curve C, partly, perhaps, because some of 
the needlepoints carried charging current to little bubbles of 
gas in the castor oil which separated the rubber and the glass. 

This idea of the needle-point character of corona in solid di¬ 
electrics explains also the results of the experiments quoted 
by Mr. Jona, making it easy to see how his thick insulations could 
puncture at voltages even lower than those called for by Pro¬ 
fessor Russell’s hypothesis. It even seems probable that corona 
in gases is of the same general character, as this idea makes it 
easier to explain some of the phenomena of that corona. There¬ 
fore, though the needlepoint nature of partial breakdown in a 
dielectric may not be conclusively proved, the substantial 
accuracy of that idea seems highly probable, because it har¬ 
monizes the results of experiment with the fundamental as- 
sumption concerning electric stress. 

In view of the needlepoint effect, it is particularly desirable 
to design an insulation for high voltages in such a way that no 
part of it will be overstressed, for it is apparent from the experi¬ 
ments reported in this paper that an overstressed insulation may 
be much worse than no insulation at all. It might even pay 
cable manufacturers who have occasion to make ungraded 
cables with thick walls of insulation, to fill the space within a 
radius of 10/27th of the outside diameter of their cables, in 
case it is not wanted for copper, with some material having a 
conductivity high enough to protect it from excessive voltage 
•gradients, if such a material, having the requisite mechanical 
properties, is available. 

It is desirable to have the results -which have been mentioned 
checked with other apparatus and materials. An attempt was 
made tO’ do so with a parallel plate condenser, consisting es¬ 
sentially of two glass plates, separated by a weaker dielectric, 
and separating the two electrodes, one of which was provided 
with an ample guard ring. 

A preliminary test of the apparatus, in which air was the 
disrupted dielectric, gave the results shown in Fig. 13. The 
bend in curve I is due to the fact that, owing to irregularities in 
the glass plates, some air remained between them when they 
were pressed together. The variations of curve II from the 
dotted line seem tp be largely due to the element of time, and 
it is not improbable that,, were all the other variables eliminated, 
the voltage across the disrupted air would be found to be sen- 
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sibly constant, and the current flowing through it largely a dis¬ 
placement current. Mr. A. W. Ewell has conducted an ex¬ 
tensive series of tests^^ similar to this, but with plates which were 
vertical and open to a free supply of air. He found that for 
large gaps and high voltages, the voltage for a given charging 
current tended toward a constant value, independent of the width 
of the air-gap. 

A condenser built with paraffin as the weaker dielectric was 
rejected because of the great contraction of the parafifln on 
solidifying. A condenser was finally built of a compound^® 
which did not contract on solidifying. In testing this condenser 
the difficulties of insulation were found to be great, and were 
not surmounted in the short time which remained for the work. 


PARALLEL PLATE CONDENSER -TWO GLASS PLATES, TOTAL THICKNESS-5.3 MM. 



Fig. 13. Charging current at high voltages 


Summary 

In the design of high-voltage insulation, resort is frequently 
made to certain expedients which tend to equalize the stresses in 
the different parts of a thick wall of dielectric. In transformers 
metalhc layers, separating layers of dielectric, are connected to 
points of suitable potentials. In the condenser-type of transformer 
terminal the capacities of the inner layers of insulation are in- 
creased by increasing their lengths; an d in graded underground 

15. American Journal of Science, November 1906. 

16 . The compound consisted in 4 oarts of j: - i 

2 oart<; of ^ x ? sHellac, one part of resin, and 

. ®mce turpentine. It is recommended by Professor L T 

Moore m an article on Dielectric Strain along the Liles of FoL Phh 
Mag., December, 1905 . ' ^orce, j-nii. 
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cables the capacities of the inner layers are increased by increas¬ 
ing their specific capacities. 

Formulae have been developed which give the best theoretical 
designs of graded single-conductor cables of certain given types 
for any given conditions. The effect of the conductivity of the 
dielectric is found to be entirely negligible for ordinary materials 
and ordinary frequencies of alternating-current working. 

Results of experiment indicate that a solid dielectric, when 
overstressed, is not disrupted uniformly, but that the material 
is affected as though it had been pricked by a number of 
needlepoints. By this hypothesis these results, and those of 
earlier experiments, are explained without violating the as¬ 
sumption with regard to the electric strength of a dielectric 
which is the basis of all analytical work on the subject. 

It seems probable, then, that these analytical results are 
based on proper assumptions; but when dealing with cases of 
partial breakdown, account must be taken of the true character 
of that breakdown. 

The experiments reported in this paper vrere performed in the 
Electrical Engineering Laboratories of the Massachusetts Insti¬ 
tute of Technology. The author wishes to acknowledge his in¬ 
debtedness to the Simplex Electrical Company for samples of 
insulated wire, and particularly to thank Professors H. E. 
Clifford and Harold Pender for their assistance. Professor 
Clifford suggested that this investigation be undertaken, and it 
was commenced under his direction and completed under the 
direction of Professor Pender. 


Appendix 

Note 1. Grading formulae for concentric cables. 

n-l 

= Nln 


l_ 

1 


1 F 

_j-JL 7^ Fp 

PkPx ’k-\r\ P 


1 ^ -I 


( 6 ) 


A. If Vq is a function of the n — 2 independent variables 


^1 

^2 ’ ^3 


m*um are 




, the conditions for a mathematical maxi- 


•n-l 


^ In 




F. 


k+i ^k+i 




^k- 


( 10 ) 


k having all values between and including 2 and n—1 
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B. If -- is variable, in addition to the variables of case A, 

-n 

the maximum of is given by the n — 2 conditions of case A, 
and by the added condition 


I n 


P'n 

Fi e, r 


n 


0 




C. If fg is variable, in addition to the variables of case B, 
the maximum of F^ is given by the — 1 conditions of case B, 
and by the added condition 


i n ^- = 1. (12) 

The equations derived from these different sets of conditions 
for the design of graded cables of certain types follow. 

I- ^ = 2. F, = Fj 



II. « = 2. F, = — F 

I 2 ^ ^ 

A. Not derived. 


III. 




T 
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1- 
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3 
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L'-S '2 -• 


r., 




'3 


1-Zw^ 

Sn 


— F 
2 ® 


A. y, 


L £2 ^2 • £3 3 ^oJ 


|A = i_^j_ + 2w£l. 

2 j £0 £9 £0 




7 ^3 1 

I n — = 1 
r„ 


+ +Zw 
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Z £3 


^2 I __ l^All 

2 £3 

The results of case C may be tabulated, and are shown in 
Table III. 

TABLE III 






1 

Type of cable 

ri 


ro 

ro 

Single layer. 

2.72 

— 

I. 

2.72 

5.11 

II.. 

2.72 

4.25 

Ill.'.. 

2.72 

5.11 

IV. 

2.72 

5.11 

Ideal grading. 

— 

— 



8.18 

6-26 


— 0-368 
0.368 — 0.531 
0.552 — 0.640 
0.368 0.196 0.626 
0.368 0.294 ‘ 0.817 

— 1.000 
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Note 2. Approximate solution for multi-conductor cable. 

If a charge of Q units per cm. is considered concentrated along 
a line having the cylindrical coordinates ;r), the origin being 
the centre of a sheath of radius R which is at zero potential, 
the potential function within the sheath is, by the method of 
images 

V = - Q U (13) 

—^ -{-2 d^p cos 6 + B? 

The equipotential surfaces of equation (13) are circular 
cylinders whose axes have the coordinates 


P 


° 



and whose radii are equal to 


r = 


Rc 


R^ - d/ 
d ^ 

a 


where c equals the base of natural logarithms raised to the 
power, V being the potential of the cylinder in question. 

When more conductors than one are placed symmetrically 
in the same sheath, the potential function may be found ap¬ 
proximately by adding terms of the form (13), the angle 0 being 
changed to correspond to the position of the new conductors. 
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Discussion on Potential vStresses in Dielectrics 
New York, October 14, 1910. 

J. B. Whitehead: The language of the ionization theory is 
conspicuously lacking in this interesting pa|)cr. Since this 
theory is now widely accepted, and since practically all of the 
phenomena of the conductivity of gases and many of those of 
liquids and metals may be explained in terms of this theory, it 
is worth while to consider in the same light some of the questions 
raised in the authors’ valuable summary and discussion of the 
nature of the processes involved in the lireak-down of cable in¬ 
sulation. First as to the possibility of corona in solid dielectrics 
it must be remembered that the term corona ” has arisen in 
connection with the phenomenon in gases and that tlic structure 
of the solid is radically different as viewed hy tlic firmly estab¬ 
lished kinetic theory of matter and its offsiiring the ionization 
theory. The important differences in tlie present instance are 
the greater numl:)cr of free ions in a gas, tlie greater lengtii of 
their free ]:)atlis, and above all the jiossiliility of a,n ion attaching 
itself to one or more molecules and dragging tliem tlirough the 
gas under the influence of an electric field, fiduis in tlie corona 
in gases it is certain that disru])tion or ionization occurs only 
within the bounds of the corona itself, yet lieyond the corona 
there is motion of charged molecules the charges originating as 
free ions in the corona. Moreover it is highly iirolialile that the 
gas even in the corona is not disru|)t.ed at all in tlie scnise that 
the term means the separation under the (.dectric field of the two 
component charges of an atom of mok‘cule, lint tliat tdic'se latter 
are split apart by the imtiact of a free ion of whicli tli(‘re are 
always a certain average numbeu ])resent. 

In the case of the solid dielect.ric on tlK‘ othen* liand there is 
little, if any, evidence of the existcmcc of fre(‘ ions, 4410 mean 
free path of the molecules is much shorter than tliat of the gas 
and it is certain that agglomerations of moleeuk^s at,taclied to a 
free ion cannot move freely through tlie liody of t,lie sulistanc'e. 
Further, it seems highly probable that the lin^ak-down of a di¬ 
electric is an actual disruption or tearing apart of tlie o|)])osite 
charges of a molecule under the stress of the tdec'tric fitdd. The 
long accepted view that the dielectric ])roperties are due to an 
elastic structure of a molecule in whidi the two ('(imiionent 
charges are held together up to tlic^ point of disruption, is not in 
conflict with the ionization theory whi<4i simiily stat(‘s tliat tliere 
is no extended motion of free ions witli conse(|Uent jiossibility 
of ionization by collision, and resulting (‘onductivity. 

What them does the tluxiry ofTcn' in ex|)lariallon cif tlie facts 
observed in tlie behavior of calile insulation? 4'ln‘se (acts are: 
(a) The insulating material may l::)e overstressed witliout break¬ 
down. (h) There 'is no evidence of corona or charring of insu¬ 
lation. (c) There is no evidence of conductivity after overstress 
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or consequent increase of capacity due to such conductivity. 
{d) The material after overstress is, however, weaker. 

There is no difficulty in the idea of a strain of dielectric ma¬ 
terial beyond the electrical elastic limit with no resulting struc¬ 
tural break-down and resulting conductivity. In a single con¬ 
ductor cable, we may think of a string of molecules stretched 
radially along a line of electric force. When the interior portion 
of the insulation is overstressed, but the insulation as a whole 
unbroken we may think of the component charges of a molecule 
in the stressed region as drawn apart, and a tendency on the part 
of opposite charges of two adjacent molecules to combine. 
If this tendency could take place along the whole line^ of force 
there would be combination throughout and resulting discharge. 
The phenomenon would then be similar to conduction in a inetal. 
In the case as supposed, however, the outer portions of the insu¬ 
lation are not overstressed, consequently proceeding outward 
from the conductor along the line of force there comes a region 
where there is a molecule which is not overstressed, which there¬ 
fore successfully resists the tendency of one of its charges to 
pass to the adjacent overstressed molecule. This restraining 
influence is therefore propagated backward toward the center 
and serves to keep the overstressed portion from breaking down 
entirely. In this way the region of safe stress inay be said to aid 
that in which this stress is exceeded. Referring to fact it 
should be noted that the corona as it is known in gases with its 
evolution of heat is probably due to the rapid motion of charged 
particles or ions through the body of the gas. ^ There is not the 
possibility of such motion in dielectrics and it is not therefore a 
necessity of overstress that there should be the carbonization 
usually resulting, in dielectrics from the passage of current. As 
to fact (c) it is evident that if there is no break-down and result- 
in o- conductivity there is no reason why increase of capacity should 
be looked for. There remains the fact (d) that the material is 
weakened electrically after being overstressed. ^ In explanation 
of this it may be pointed out that slight impurities of material, 
particularly if such impurities have large conductivity, would 
serve to enable the opposite charges of adjacent overstrained 
molecules of the dielectric to be neutralized thus leaving an 
unbalanced molecule and a consequent region of weakness. 
This action would naturallv take place in the method ingeneously 
described by the author with the term " needle point 

With regards the question of the constancy of the electric 
strength of dielectrics it may be pointed out that there is plentiful 
evidence that in gases the electric stress may be carried far 
beyond the value which is taken as constant for the matenal 
for the great majority of circumstances. In those instances in 
which the gas seems to present abnormal strength it rnay be 
shown that the conductor applying the electric strain has 
dimensions so small as to be comparable with the mean ^^oe 
paths of the ions which are involved in the break-down of the 
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gas itself. Extending this idea to the case of dielectrics we are 

laced with the fact that the distances between the ions which 

enter into the phenomenon of disruption are very much smaller 

T^an those involved in the phenomena occurring in gases. 

t V omd therefore seem probable that by steadily decreasing the 

size of wire any tendency of the electric strength to present an 

apparent increase must occur at very much smaller diameters 

1 °t>tmnmg in the case of a gas. It is worth mentioning 

also that for the same reasons one might expect an alteration 

in e value of the specific capacity of the material for very small 
vnres. 


The paper has presented in valuable fashion the problems 
connected with the strains in the insulation of cables. It leaves 
e field in excellent shape as a point of departure for promising 
work. It IS to be regretted that the author 
„own deductions with more experimental 
Mtimn ® notoriously a difficult one. 

.The subject of this evening’s paper is of 

these lines^mvcpif^^ inasmuch as I have done some work along 

X. ^ have prepared a paper on the analytical 
\Tv V ^he physical dimensions of cylindrical dielectrics, 

the hematical rather than practical, though only 

Sfed Zie . • involved. The author has ap- 

the f n° commercial design, which is, after all, 

exhaustive and will enable 
tSir anolLtZn^ tn pnnciples involved and to extend 

caWesZ^ tST ^ °*her than the insulation of 

for examole-the ° -^his, other than to those here treated, 

Lt may be used in™^Se? 

opinffin?dmitrof vJryZttle'critSsm ^ 

the cause of dielectric failure sSmsZo Zt® attempt to explain 

observed cases rather than an e^Xn ^ 

quent^expJrimentT that^thJWefZ^-'^ subse- 

mechanical sTreZ siX to corresponds to a 

companied bv a prooort oLto f pressure and ac- 

expressing the values of thfs sS Zr 
pounds, per square inch. I am LT to^^^ 

ultimate fatigue of the matenZ^ 

the consequent strffin L sS Lt t^^^ true that the stress and 

ous, e.g., at 60 cycles per second therZ^Z®^ 

twenty blows oer second 70no ^i hundred and 

per hour, 10 368 000 blow-; oa P®"^ minute, 432,000 blows 

Ihe cause of fSe tte^eSe o JnV.T' 

homogeneity and constitutino- result being due to lack of 
equilibrium. The delav nr +• Prcdromata of an unstable 
patible with this hypothesis i® i^ot incom- 
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With respect to the cases given for multi-conductor cables, I 
cannot agree with the assumption of the author with regard 
to the distribution of charge. He seems to ignore the influence 
of electrical images and the oscillating character of the alternating 
current, for^which, in the main, these cables are designed. With 
respect to images it should be noted that in cables the con¬ 
ductors are very near the ground, i.e., the images, and the skin 
effect tends to a peripheral distribution of the charge. The 
moments of these quantities are not amenable to mathematical 
analysis and evaluation, but I am satisfied from observation of 
practical cases that the assumption of uniform peripheral dis¬ 
tribution, while probably not exact, will lead to minimum 
errors. This applies also to practical cases of transmission. 

A. E. Kennelly: The subject of this paper is of great practical 
importance owing to the rapidity with which voltages have been 
rising recently in electrical engineering. 

The facts are very clearly presented in the paper. The paper 
has, moreover, the special merit of presenting curves, by means 
of which the advantages, theoretically obtainable from the grad¬ 
ing of cable insulation can be read off on inspection. We should 
however, carefully distinguish between the advantages that may 
be theoretically obtainable, and those that may be practically 
obtainable, through grading. Many considerations, such as 
mechanical strength, elasticity, permanence, cost, etc., must be 
taken into account, besides the dielectric strength, in selecting 
gradings. 

We all know that a joint in the magnetic circuit gives rise to 
a certain extra magnetic reluctance and c.m.m.f. But the paper 
shows that a joint in the electrostatic circuit may not merely 
be the seat of additional electrostatic reluctance, but also of a 
dangerous local electric gradient. Such electrostatic joints may 
be inimical, by introducing equivalent point conductors, where 
the dielectric may break down, as little spherical particles into 
conducting material, whence electric flux and electric equi- 
potential surfaces may diverge anew with powerful local in¬ 
tensities into the adjoining layers of dielectric. For this reason 
also the paper indicates that a grading of insulation may be 
detrimental instead of helpful. 

It must be admitted, however, that the particular kind of 
grading experimented with—the grading of rubber and glass— 
is more than usually dangerous in regard to weak electrostatic 
jointing. When a rubber-covered wire is pulled into a glass 
tube, there is sure to be a layer of air included between the two. 
This air has not only a relatively high electrostatic reluctivity, 
thereby establishing a relatively large drop of potential across 
the layer, but it has also a relatively low breakiiig stress. Once 
it breaks electrically, it is able to precipitate high local stresses 
near the broken down spots, as is described very clearly in 
the paper. 

In making computations of graded electrostatic reluctances, 
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semi-log ” paper has special advantages, that is,^ papei ruled 
to logarithmic coordinates along the axis of abscissas,^but to 
ordinary uniform spacing along the axis of ordinates. oemi- 
log paper can be constructed by taking ordinary cross-section 
paper, and laying ofE the spacings, from the face of a slide 
along the horizontal axis. The long denominator in loimuia \o), 
which is virtually a summation of electrostatic reluctances in 
series, is then presented on semi-log ” paper in the form of a 
simple series of juxtaposed rectangles. The total aiea of all 
the rectangles is thus easily determined, and defines the total 
electrostatic reluctance of the graded insulation. 1 he potential 
in the layers insulation also reveals itself on the semi-log 
diagram, as a series of connected straight lines. 

In regard to the effect upon the electrostatic capacity of 
dielectrically stressing cable insulation layers, I may mention a 
case that came to my notice a few years ago. A stranded copper 
conductor 2.3 mm. in diameter, was covered with a layer of 
Para rubber to a wall thickness of about 1 mm. and then covered 
with vulcanized rubber, containing over 40 per cent of rubber, 
to a total diameter of 7.15 mm. About one hundred 5-niile 
lengths of this core were tested. The tests included electiostatic 
capacity, and dielectric stress at 5 kilovolts r.m.s. preSwSure be¬ 
tween conductor and outside salt water, for 5 minutes, at GO 
It was found that the core easily withstood this pressure, and no 
injury could be detected in the insulation after this application. 
The linear electrostatic capacity, however, which, before apiily- 
ing the dielectric test, averaged approximately 0.4 microfarad 
per nautical mile, was distinctly increased after applying the 
test. The increase was most noticeable immediately after the 
test, and partly disappeared with time; but an increase of about 
5 per cent was found to persist, at least for months. In some 
cases the increase in linear capacity immediately after the test 
was 15 per cent. The capacity was measured by direct current 
methods, using (1) galvanometer deflections on charge; (2) 
galvanometer deflections on discharge; (3) the method of zero 


resulting charge by mixture. 

W. S. Franklin: In discussing a theoretical pa])er on engi¬ 
neering one should attempt first of all to estimate the significance 
and value of the paper. In the present instance this duty is a 
pleasing one because in my opinion the paper constitutes an 
unusually important and really practicable applicatioil of theory 
to electrical engineering. 

I have always looked upon the grading of cable insulation as an 
extremely simple matter, which indeed it is from the tlieoretical 
point of view. But the grading of cable insulation is not wholly 
a theoretical matter; the facts as to the electiic strengths and 
inductivities of available materials are of some importance, to 
say the least, and Mr. Osbonie is the first, as far as I know, 
adequately to consider the question of grading on the basis 
of these facts. 
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The case mentioned by the author of a cable which contained 

necessary volume of insulating material shows 
indeed the importance of the paper, and the fact that a person 
perfectly familiar with Maxwell’s theory would be unable to 
point out this glaring case of bad design shows that something 
besides Maxwell’s theory is necessary. ^ 

There is a close analogy between the mechanical cracking of 
strained glass and the electric rupture of a dielectric. The 
seems to have this analogy in mind when he speaks of 
the needle-point” theory. This analogy is develoned in 
Nichols & Franklin’s Elements of Physics, Vol. II pages iL 157 
The analogy holds for the ordinary ^ark discharg^Sd ds'o for 
the brush discharge or ^ corona,” and it is not inconsistent with 
the electron theory provided one does not look upon the needle¬ 
point ” fracture as a mathematical line. 

A difficulty in forming a mechanical conception of the influence 
of inductivity on the distribution of electric stress is that a me¬ 
chanical arrangement in parallel must be compared with an 
electrical arrangement^ of dielectrics in series. Thus a number 
of helical springs of different degrees of stiffness are placed in 
parallel between two parallel metal bars. When these bars 
are moved towards each other every spring is subjected to the 
same strain or yield and the stress or compressing force is great 
in the stiff springs and small in the springs which yield eS. 
When a number of layers of dielectric are placed between two 
charged flat metal plates, they are all subjected to the same 
electrical yield (electrical flux density or displacement), the 
dielectrics which have great electrical stiffness (small induc¬ 
tivity) are subjected to great stress in volts per centimeter 
and those which have small electrical stiffness Qarge inductivity) 
are subjected to small stress in volts per centimeter. 

The modern built-up cannon furnishes a close analogue to the 
graded cable. Indeed, if one could use highly elastic or easily 
yielding steel for the inner portions of the gun tube and less 
elastic or stiffer steel for the outer portions (ultimate strength 
of steel being the same in both cases) then the analogue would be 
complete. The interior portions of such a graded steel tube 
would yield greatly in being brought to their maximum permissi¬ 
ble tension and this great yield would stretch the outer and less 
yielding portions of the steel tube sufficiently to bring the tension 
in these portions to the permissible limit. So it is in the graded 
cable; the inner portions of the insulation have high inductivity, 
that is to say, the inner portions are made of material which is 
electrically yielding, as it were, and the great yield (electrical 
flux density or electrical displacement) which is produced in the 
inner layers as compared with the outer layers of insulation 
causes_ inner and outer layers to be stressed simultaneously 
to their maximum strength in volts per centimeter. 

W. I. Middleton: Considerable is to be gained by the 
grading of insulation of cables for very high voltages, say above 
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15 kilovolts, as it tends to decrease the wall of insulation and so 
reduce the cost of outside covering; but on lower voltages it:^ 
advantage is doubtful, where grading might reduce the insti- 
lating wall to such an extent that for mechanical reasons i'b 
would be dangerous. Cables carrying from 10 to 15 kilovolts, 
where the copper runs from No. 1 to No.4/OB. & S., can easily 
be made with a good grade of rubber without putting too grea.1^ 
a strain on the dielectric. Owing to the difficulty of making 
insulations of different specific inductive capacities when only 
one kind of dielectric is used, it would seem best in making graded- 
cables to use a combination of two or more materials, such nS 
rubber, cambric, and paper. 

I am most interested in what the speaker terms “ Corona xtx 
Solid Dielectrics.”. I do not believe any of us knows wha^t 
actually takes place in the dielectric, but as far as Professor* 
Russell’s hypothesis, that the dielectric near the conductor brealcB 
down and becomes charred, is concerned, I do not believe it. 
In eight years in the testing room of a cable factory, I hav "0 
never ^seen a cable that has shown mechanical change due to 
excessive voltage in either rubber or cambric insulation. I 
do not say that some cables may not be injured electrically by 
overstraining, but cables that are easily injured by voltag'O 
stress are to be avoided, as this injury shows that they have nob 
been as well made as is possible. There is a vast difference in 
the characteristics of rubber compounds, wffiich is not importanb 
for low-voltage cables, but is very important for high-voltag*o 
cables. 

Now to come directly to the corona law and its application to 
cables, I agree to the commonly accepted formula 

V = Kdlog L 

a 


where V — test pressure. 

K = voltage constant of the dielectric. 
d = copper diameter. 

D = diameter over insulation. 

so long as the copper diameter is greater than 10/27 of the di¬ 
ameter over the insulation, that is, to the point where d equals 

D , 

o 79 » Taking D and d in mils, we have tables showing the values 


of d log for all sizes from No. 18 B. & S. to 1,000,000 cm., 

with walls from 1/32 to 20/32 in. on each size. We have used 

D 

these tables to the critical point where d equals , or approx- 

2.72 
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imately where the copper diameter and insulating wall are 
equal, but beyond this point the formula does not apply. 

For example, when the formula demands 45/32-in. wall on a 
No. 14 B. & S. wire for a voltage, on which 5/32-in. wall is 
adequate on a No. 4/0, we know this wall is not necessary. If 
the formula beyond this point does not apply, what formula 
does apply? 

Having in mind the law for corona in air and the possibility 
of its application to solid dielectrics, I suggested that results be 
worked out with a modified formula, where d is changed to dc 

and dc ~ ^^7^ 


so that V =^Kdc log ^ 

dc 

This necessitated working out new values for our tables, and we 
bepn on No. 6 B. & S. for walls from 5/32 to 20/32 in., 5/32 in. 
being the point at which the wall of insulation is equal to the 
copper diameter. Inspection of the new tables shows a sur- 

''I 

prising feature, namely that the new values for dc log ^ 

dc 

increased about 10 for each thirty-second added to the wall, 
while in the old table these values showed a gradual decreasing 
increment. As soon as we noted this feature, we made a further 
study of our formula, and saw immediately that the increase in 
value for 1/32-in. increased wall was a constant, regardless 
of the size of the cable, and calculation showed this constant 
to be 9.9855. 

The two formulas agree that there is a minimum outside 
diameter for a given voltage, but they do not agree in the fact 
that while the old formula calls for an increase in the outside 
diameter with a reduction of copper, the modified formula 
allows for a reduction of the copper with the same outside 
diameter. 

In a previous attempt to check up the old formula, we had 
made tests on a series of small conductors insulated with rela¬ 
tively thick walls of rubber, but the results did not agree at all 
with our calculations. On making a comparison of figures 
obtained by the modified formula with the old tests, we found 
that they checked up in a most satisfactory manner, and the 
modified formula has agreed with the results of subsequent 
tests. 

It may be interesting to mention that instead of the 45/32-in. 
wall required on the No. 14 wire in the example given above, 
we now figure that only 9/32 in. wall is necessary. 

Henry A. Morss: I would like to explain in a little more 
general way than Mr. Middleton has done, why he has de- 
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veloped his formula. When we first made cables, we had nc 
means of knowing the necessary thicknesses of insulation excep' 
by experience, and if we wanted to determine the thicknes: 
for a cable on which we had no experience, we could only guess 
Then we began to learn about this formula d \o^T)/d^ and founc; 
that by taking its values and multiplying by a constant, whicl 
we could determine by experiment, we could arrive at a suitable 
thickness of insulation for any voltage. This worked very well 
and we were much pleased with it until we began to figure srnal 
wires for high voltages. Then, as Mr. A4iddleton said, we caiiK 
to absurdities; that is, they were absurdities to the extent thai 
we knew we needed no such thicknesses. What we have beer 


working toward, and have been trying to get, is some rule b} 
which our calculated thicknesses will conijiare ].)ro])erly witli the 
thicknesses obtained by experience, and this modified formuk 
which Mr. Middleton has developed, seems according to oui 
experience to date to enable us to figure these tliiclvnesses whicl: 
we could not figure before. 

R. W. Atkinson: Assume as true (as seems i)r()l:)a1:)le) the: 
author’s theory that the overstressed portion of tlie dielectric 
is punctured in '' needle points ” and that the jiotential acrosi: 
this portion remains equal to that required to cause lirealcdown, 
Now the current across this ])ortion is greater tha,n tlie (diarging 
current at this voltage. The extra current is conducl.ion current 
and is at right angles with the charging currevnt and in ])hase 
with the voltage across tliis portion. The resultant cnirrcnt 
is then less than 90 degrees ahead of thc’: voltage. IlcnK'e wlien 
this voltage combines with the voltage across tlie rennainder o:l: 
the insulation, the resultant is less than the numeric'al sum. 
The net result is that the capacity is greater tlian would be 
calculated by the method suggested liy tlie autlior and used as a 
basis for curve c in Figs. 10 and 12. This diiTerence^ would not 
however be marked until tlie voltage is considcirably higlK^r than 
that which causes partial breakdown and wouhl not l)c ol)- 
servable at all on ordinary caliles with the usual insulation 
thicknesses, since there is not so marked a dilTcrcnce in the 
maximum and minimum stress as to make it ]:)ossil)l(i to raise 
the voltage greatly above that causing partial lireakdown. 

Another thing which might be expected in tlie tcist is a,n in¬ 
creased dielectric loss when the conduction begins. It would be 
impossible to predict the amount of this since it is quite possible 
that the voltage across the needlepoint ])unctures is reduccKi con¬ 
siderably below that originally causing them. The destruction 
or carbonizing of the insulation l:)y corona cxuinot due to heat 
when the dielectric is uniform. Were it sufficient for this, the 
whole cable would heat extremely rapidly and tlie loss would 
have readily been observed in tlie wattmeter :measuremcnts 
both by the author and by Hochstadter. (In Ehc. ZedL) 
The charring of insulation by discharges where there arc air 
spaces is of a different nature. 
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H. W. Fisher: I will not attempt at this time to discuss the 
mathematics of the paper, but rather the experimental part in 
the light of recent investigations and reason. 

During considerable experimental research work, I have never 
had any evidence which would lead me to the belief that the 
insulation next to the conductor in an overstressed cable be¬ 
comes charred. It has been impossible to manufacture a cable 
whose insulation at all points will have an equal resistance to 
disruptive voltages. Hence, for sometime, I have believed that 
breakdowns of over-stressed cables must be caused, in the first 
place, by a gradual puncturing of the insulation around the 
conductor at the weakest point. 

A knowledge of the characteristics of manufactured insulations 
leads one to the belief that an absolutely continuous disintegra¬ 
tion of overstressed portions is impossible, and therefore, until 
an actual breakdown between conductor and sheath occurs, this 
action of isolated discharges must take place more or less all 
along the conductor. 

I have noticed for many years that glass, overstressed at points 
by local discharges, breaks down under voltages much below 
what would ordinarily be considered safe. Generally, but not 
necessarily so, the glass is found to be cracked and I have been 
inclined to believe that the localized stress started a small 
crack through which a puncture immediately followed. The 
behavior of glass under localized electric stress very strongly 
accentuates my belief in the correctness of the author’s conclu¬ 
sions as to isolated discharges along the conductor. 

Had other materials, such as a paper insulated conductor 
inside of a hard rubber tube, been used, I doubt very much if the 
difference between the normal puncture voltage of the hard 
rubber tube and that of the improvised cable would have shown 
anything like the difference found in the case of the glass tube 
specimen. 

It must be remembered that in the tests under consideration, 
the materials used were, chosen so as to accentuate the stress 
on the insulation next to the conductor. Therefore, in the case 
of a regular high-voltage cable, it is more difficult to determine 
what actually happens to the insulation if overstressed. 

In a series of papers recently published in the Elektrotechnische 
Zeitschrift, Mr. M. Hochstadter gives the results of tests which 
show that the power factor increased very slightly with increase 
in the applied voltage, and that even at the puncturing voltage, 
there was no sudden increase of dielectric loss, which we would 
expect if there were a large number of discharges through the 
insulation near the conductor. Moreover, the general prop¬ 
erties of the cable did not seem to be changed up to the instant 
when a puncture occurred. In the cable under consideration, 
the size of the conductor and thickness of insulation were such 
that the stresses on the insulation at the conductor would not 
be abnormally high compared with those on the insulation near 
the lead, and this may be the cause of the results obtained. 
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It would be interesting to make tests on an ungraded cable 
having a small^ conductor and considerable thickness of insula¬ 
tion and note if the dielectric loss increased rapidly when the 
insulation near the conductor began to be overstressed. Such a 
test I have had under consideration for some time. 

One important fact must not be lost sight of, namely, that for 
mechanical reasons cables often have a thicker insulation than 
might seem necessary for the voltages under consideration. 

The proper grading of the insulation of high-voltage cables 
is certainly of the highest importance and every up-to-date 
manufacturer will have his own wa^^ of doing this. 

Percy Thomas : I will only add one suggestion. So far in the 
present discussion one of the very important elements governing 
the^ actual breakdown of insulating material has been practically 
omitted, that is the effect of temperature. Broadly speaking, 
in insulating materials, especially in some sorts of insulating 
material, an increase in temperature beyond a certain point, 
not far above ordinary atmospheric temperature, means a very 
great decrease in insulation resistance and more troublesome 
still a very considerable increase in the energy loss within the 
insulating material itself. The results of this fact may or may 
not actually be a serious matter, depending upon conditions. 

Take for instance a comparison between the breaking down 
strength of a sheet of varnish covered paper one one-hundredth 
of an inch thick and the breaking down strength of fifty of 
those sheets phed together. The single sheet will stand perhaps 
10,000 volts without trouble if the electrodes have not too sharp 
edges. Fifty of these sheets may very likely stand continuously 
not over 50,000 volts. This value might be a little higher if 
material were well dried. Now as the number of sheets is 
multiplied by fifty and the breaking down voltage only by five 
there is a loss of possibly ten to one in the capacity of each sheet 
to withstand voltage. This effect is largely a result of the in¬ 
crease in temperature within the body of the material, not 
necessarily throughout the niaterial, but at some particular 
spot or spots or layer. The higher temperature means that the 
energy loss will be larger which larger loss will cause the tem¬ 
perature to rise and this rise in temperature again increases 
the local loss of energy at that particular location and so on 
up and up. The heat resisting character of the material prevents 
the dissipation of heat fast enough to keep the temperature 
down. The result may be the entirely confined to one portion 
of the insulating material near the center, while the rest may be 
entirely uninjured. I have often observed such effects. Of 
course, extreme results are to be expected only under favorable 
conditions as where the insulation is very thick and has naturally 
a high energy loss under voltage stress. 

This trouble is not met with in cables with the usual thick¬ 
nesses of insulation under ordinary conditions, because they are 
used so far below the breaking down point of the insulation that 
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the energy losses are not sufficient to produce a material rise 
in temperature. It is only as we approach very close to the 
puncture point that the critical rise in temperature is found. 

I think ^that ^ it may be very likely that in the experiments 
described in this paper this local heating had a very important 
part in the final result, but it would be practically impossible to 
trace out this fact afterwards. I am not familiar with the thick¬ 
nesses of material used, nor with other conditions of the test. 

In tests of this sort, the time of application is of course ex¬ 
tremely important as a certain elapse of time is necessary to 
cause a rise of temperature. The difference between the applica¬ 
tion of a static stress lasting but momentarily and a continuous 
application of alternating voltage is of course extreme. 

The phenomena accompanying the case of two or more layers 
of insulation with a slight enclosed amount of air between, is a 
difficult one; but doesn’t it seem probable that the heat generated 
in the thin layer of air by the fact that its insulation strength is 
overcome and the ions and corpuscles are freely moving therein 
and therefore generating heat, has much to do with the very 
serious weakening the total insulating strength of the combina¬ 
tion found to accompany the presence of air layers? 

If we were nearer the breaking down strain in cables, the effect 
of PR in the cable itself, due to the useful current flowing through 
the copper might be important. Fortunately, however, the 
cable has too good a radiating power for this loss to be critical, 
except possibly in the case where the grounding of one leg of the 
circuit occurs or excess voltage from some other cause subjects 
the cable to almost the puncture stress. 

Possibly the effectiveness of the needle points in puncturing 
glass is very much emphasized by the point Professor Franklin 
has brought out, namely that we may easily have a minute crack 
started in this material. Now this crack is very likely due to the 
concentrated generation of heat, due to the extremely local 
application of potential by the needlepoint. Rapid heating of 
the glass at one spot would be almost sure to crack the glass at 
this point, the physical weakness of glass in that respect making 
it particularly vulnerable. This difficulty would not be found 
to the same extent in rubber or paper or cambric. 

C. J. Fechheimer: The conditions which obtain in alter¬ 
nators are somewhat different from those which apply to cables, 
bushings and transformers, inasmuch as, due to mechanical 
considerations, we are practically compelled to place the con¬ 
ductor in a slot which is usually rectangular in section. The 
ideal condition, from the standpoint of insulation only, would be 
that of a round slot by means of which we would eliminate sharp 
corners on the coils. This, however, is impracticable. 

In order that we may use as economically as possible the most 
valuable space in high voltage generators—that is, the stator 
slots—we often use conductors which are square or rectangular in 
section and to avoid the stress in the dielectric at the comers of 
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the coil reaching too great a value, the corners of the conductor 
are usually rounded. 

It has often been contended that it is inadvisable to use mica 
for slot insulation and many engineers prefer only the use of cloth 
treated with some form of insulating varnish, but, as has been 
shown so well in this paper, it is extremely advisable to grade 
the insulation; that is, place mica or some other dielectric having 
a high specific inductive capacity near to the conductor and some 
other dielectric, such as varnished cloth, having a specific in¬ 
ductive capacity of about half that of mica, on the outside of the 
coil. 

This grading of insulation enables us to use a smaller quantity 
and we thus can place more copper in the same size slot than we 
could if we used only varnished cloth for insulation. This 
also has the additional advantage that with a thinner insulation 
the heat can flow more rapidly from the conductor to the outside 
of the coil; and furthermore the mica, being near to the copper, 
is subjected to the highest temperature, and this material has 
the inherent property of being able to withstand high temperature 
far better than any kind of cloth. 

The great advantage to be gained by placing the material 
having high dielectric strength, as well as high specific inductive 
capacity, next to the copper was brought out by Professor H. J. 
Ryan in his paper on '' High Pressure Insulation ’’ at the 
Electrical Congress in 1904, although he is inclined to believe 

that '' structural requirements make impracticable. 

the placing of the most powerful dielectric next to the con¬ 
ductor 

^ We have since found, however, that we can without great 
difficulty surround the conductors with flexible mica and then 
use as a binder the varnished cloth or linen tape. A coil which 
was recently made on this principle in accordance with Mr. H. 
PiMer's advice, was wound with No. 8 B. & S. square wire 
having a radius on the corners of 0.026 in. The coil, after 
winding, was vacuum treated and was then wrapped with two 
layers of 0.012 in. flexible mica and then with two layers of 
0.009-in. varnished cloth and one layer of linen tape. The coil 
was dipped in insulating varnish a number of times between 
wrappings. When subjected to a high-voltage test, this coil 
withstood a puncture test on one side of 29,000 volts and on the 
other side of 30,000 volts, these being effective values of voltage 
with a sine wave. 

I was in hopes that I might reduce the density of dielectric 
flux at the corners, and thus increase the break-down voltage 
by placing tinfoil around the conductor, and also between the 
mica and varnished cloth and therefore had a coil wound similar 
to the one described above with the exception of placing tinfoil 
as stated, but found that this coil broke down at 16,000 volts; 
and another coil, which had tinfoil between the conductor and 
mica only, broke down at 20,000 volts. Violent brush discharge 
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indicated that the insulation was highly stressed before break¬ 
down. 

It would appear to me that the tinfoil has the effect of in¬ 
creasing the electrostatic capacity of the layer of mica and de¬ 
creases that of the varnished cloth as implied in this paper, thus 
raising the potential gradient in the varnished cloth and de¬ 
creasing it in the mica, causing the varnished cloth to break down, 
which resulted in the mica taking all the stress, and this broke 
down soon afterward. Had the tinfoil between layers of insula¬ 
tion proven a success as far as increasing the breakdown voltage 
was concerned, I would have expected trouble from eddy cur- 
^ ^ rifoil du.e to ch.an.^in^ in interlinkages with mag¬ 

netic flux. This I thought I might be able to overcome. 

In this connection I would call attention to the following 
statement in the paper: Since these electric strengths are 
limited at present, in the manufacture of cables to very few 
values, they are not properly considered variable ’h From the 
data which I have available, it is my impression that the di¬ 
electric strength of mica in volts per millimeter is nearly twice 
that of varnished cloth; so that for the ideal grading of poten¬ 
tial we should be able to have the stress in the mica, in volts 
per millimeter, practically twice as great as in the varnished 
cloth^. In fact, it appears to me that for ideal grading of in¬ 
sulation we should have the maximum potential stress in each 
dielectric proportional to its breakdown voltage. 

I would call attention at this time to a slightly different con¬ 
ception of the problem than that given by the author in his 
paper. As stated by Professor Ryan and others, the breakdown 
of insulation results from the density of dielectric flux reaching 
a certain critical value just as in the case of material in tension 
or compression, a rupture occurs when the stress expressed in 
pounds per square inch, or similar units, reaches a certain critical 
value. It would seem that this view would give a clearer physical 
conception of the phenomenon than that of considering the 
breakdown to be due to the potential per unit thickness reaching 
a critical value. After all, as Dr. Steinmetz states in his book 
on Transient Phenomena ”, the potential is merely a mathe¬ 
matical fiction which is taken to be a measure of the electro¬ 
static held, and we should therefore consider the stress in insula¬ 
tion to be due to the dielectric field rather than to the potential. 
Of course, for mathematical analysis it is far easier at present 
to treat the subject from the standpoint of potential rather than 
from that of dielectric flux. 

From my point of view; it appears that tw^o dielectrics having 
equal strength expressed in volts per millimeter, but having dif¬ 
ferent specific inductive capacities, the dielectric having the 
higher specific inductive capacity transmits more dielectric flux 
for the same difference of potential per millimeter and therefore 
its stress expressed in lines of dielectric flux per square centi¬ 
meter is the greater. 
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If j as in the case of cables, we place a dielectric having a high 
specific inductive capacity next to the conductor and a some¬ 
what lower specific inductive capacity dielectric outside of this 
first dielectric, then the first dielectric has the greater stress 
expressed in lines per square centimeter, although the volts per 
millimeter may be the same as in the outer layer of insulation. 
The effect of the outer layer in addition to taking part of the 
stress, is (due to its lower specific inductive capacity) to prevent 
as great a flow of dielectric flux as would be the case if all of the 
insulation were made up of the insulation having the higher 
specific inductive capacity. 

G. I. Ixodes: This paper on potential stresses brings out 
three points to which I wish to call attention: the so-called 
corona effect, the value of graded insulation and the effect of 
heating by the load. 




Fig. 2 


_ The theory offered in the paper for the deterioration of insula¬ 
tion under excessive voltages, has an interesting bearing on the 
test voltages which should be applied to cables. These over- 
voltage tests are now applied on high tension cables at twice the 
working voltage for a period of 60 seconds. 

When underground cables were first used, dielectric tests 
were frequently appHed at voltages as high as three times normal 
^periods as long as half an hour. Breakdowns occurring 
during these tests usually happened within the first minute but 
at times the cable held up for almost the entire test period. 
These breakdowns occurred with no apparent weakening of the 
rest of the cable. 
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The needle point deterioration, as explained in the paper, 
accounts for this phenomenon. If the deterioration was general 
these high voltage tests would have weakened the entire cable. 
The theory of iailure in a gradually extending needle point ex¬ 
plains both the time element and the apparent absence of damage 
to the rest of the cable. 

In Table I the author gives an idea of the maximum voltages 
for which cables can be built. The limit of size is the maximum 
that can be drawn into a three-inch duct. I wish to call atten¬ 
tion to the fact that high voltage is not necessarily the criterion 
by which to judge the value of a cable. In the future develop- 
rnent^ of high tension underground transmission, it is probable 
that in addition to high voltage, a large safe load per duct will 
be called for. A small percentage loss will also be a factor. The 
cable will^ then be valued in proportion to its ability to carry 

load and inversely as the percentage loss at the maximum safe 
load. 



Fig. 3 Fig. 4 


I have prepared some curves, showing roughly the voltages, 
loads, losses, etc., in cables. The first type of cable considered 
is as large a single conductor as can be drawn into a standard 
duct. The second type is a single conductor, so large that three 
can^just be pulled into a standard duct. 

Fig.^I shows the relation between permissible operating voltage 
and diameter of conductor in a cable of the first type. The 
figures are based on equation (2) of the paper. The voltage 
gradient of 50 volts per mil is safe for paper insulation. Curves 
are shown both for homogeneous insulation and for the ideal 
grading. It will be observed that there is a definite maximum 
voltage for homogeneous insulation, which obtains with a con¬ 
ductor diameter about 40 per cent of the total outside diameter 
of insulation. 
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Fig. 2 shows the same curve for the second type of cable, three 
to a duct. This type of cable was taken rather than the usual 
three-conductor cable, to simplify calculations. The results 
should not be very far different. It w^ill be observed that the 
maximum voltage for homogeneous insulation again occurs at 
a conductor diameter of 40 per cent. The total actual value of 
the maximum is reduced by the small diameter of the cable. 

Fig. 3 shows the maximum safe current in the 2.75-in. cable 
and the voltage drop due to this current. The effect of the 
relatively low heat conductivity of the insulation is taken into 
account. These curves are only roughly approximate. 

Fig. 4 shows similar curves for the 1.25-in. cable. Here the 
currents are smaller, but current densities larger than in the 
previous case, principally on account of the thinner insulation. 



Fig. 5 Pig. 6 


Fig. 5 shows the relation between conductor diameter and 
maximum safe load on a 2.75-in. cable for the two kinds of insu¬ 
lation. It will be observed that the improvement due to grading 
the insulation is less here than on the voltage curves. The 
maximum loads require larger conductor diameters than the 
maximum voltage. This best diameter is approximately 70 per 
cent, instead of 40 per cent. 

Fig. 6 show^^s similar curves for the smaller cables, three in a 
duct. Here the same general characteristics are seen as for the 

larger cable, except that the best conductor diameters are 
slightly lower. 

Fig. 7 shows the percentage heating losses per mile in the 
large cable for the two types of insulation. Here the best 
conductor diameters are lower than for maximum load. 
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Fig. 8 shows these same curves for the smaller cables. The 
effect of the high current density and the low voltage make the 
losses relatively high. 

In Fig. 9 there are combined the loads and the losses, to get 
the rneasure of the value of the cable described at the beginning 
^f this contribution. It is seen that the best diameter of con“ 
ductor is from 50 per cent to 60 per cent of the total. Grading 
the insulation improves the cable about 80 per cent. 

Fig. 10 gives similar curves for the smaller cables. ' It is seen 
tha,t small cables are very much less desirable than the large. 
This is due to the lower maximum load and the larger losses. 

_ To summarize the curves, it thus appears that the voltage to 
give the maximum capacity per duct is that corresponding to 
conductor diameter 70 per cent of the total, allowing 6,500 volts 
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for the three cables per duct and 18,000 volts for the large cable. 
The benefit from grading the insulation is small. For miniTTinin 
drop the conductor diameter is about 45 per cent, corresponding 
approximately to the highest voltage permissible with uniform 
insulation, 9,000 volts for the three phase cables and 23,000 for 
the large, single conductor cable; the improvement due to 
grading being 60 per cent in such case. The best all-round cable 
is assured with a conductor diameter of about 55 per cent 
corresponding to voltages of 8,000 for the three small cables! 
and 20,000 for the large single cables. The gain, due to 
grading is about 80 per cent. 

If other than the maximum loads are to be considered, curves 
of somewhat different characteristics are obtained.’ These 
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They show the cable 

af n?h ““ P™® P“ '■“t “ith 

the imnimum loss. Other considerations are neo'lected 

insolation ?s mentioned? temperature gradient'in the 

insulation s mentioned, but no figures are given. Fic^s 11 and 

uvTa u ^^smtude of this effect. They are based on data 
published by one of the large manufacturers of cables. Fia n 

diekc\ri“ititTystenOeO^^^^ the 

tias a very great effect on the capacity 

a constS ootentia^l^dlffA^^ corresponding voltage stresses with 
Thf between conductor and sheath. 

1 he three materials considered show very well the efFeet nf fiiA 

temperature on the distribution of the stiains. Rubber which 
has a very small capacity temperature coefficient, shows very 
littk change. Varnished cloth, which has a considerably lart^er 
coefficient, has a potential distribution corresponding closelv to 
that in a perfectly graded cable. Paper, which has a still lamer 
coefficient, shows a reversal of stress, so that the greater po- 
tratial gradients are near the exterior of the insulation. This 
effect represents oyergrading. If. the safe voltage with a cold 
cable IS taken as 100 per cent the safe voltages, after heating 
due to load as shown in the curves, are 118 per cent for rubber, 
160 per cent for cloth, and 128 per cent for paper. It is thus 
evident that the cable is safer when cold, the factor of safety 
bei^ greatest where the thickness ^and the capacity temperature 

insulation combine to produce ideal grading. 
If the temperature coefficient is too great, the stresses are inverted 
and then there is less improvement due to load. 

^ If the cables are to be graded at all, this grading should take 
into account the temperature distribution in the dielectric, so 
as to produce the ^safest cable under conditions of full load. 

Armin Henry Pikler i ^ The author in his very interesting 
paper properly started with quoting Maxwell. The fundamental 
phenomena in connection with dielectrics were observed by 
Faraday and the laws of distribution of the electrostatic flux 
m the dielectric of condensers of various configurations and 
finally the capacities of condensers of various configurations were 
given by Maxwell. 

The results which Maxwell arrived at were not utilized for 
practical purposes until the necessity arose for them. It seems 
natural that the cable manufacturers, who were most pressed 
for room for insulation of cables, made first use of them. It 
was Professor Jona of Italy, who first made practical use of the 

idea of potential gradient and the grading of the insulation of 
cable. 

From the analysis of two equations, the practical require¬ 
ments for insulation betw’’een conductors arranged concentrically 
can be seen at once. From the equation: Potential difference 
equals charge divided by capacity, it will be seen that in con- 
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densers connected in series the one having the smallest capacity- 
will have the greatest difference of potential between its con¬ 
ducting surfaces. From the equation giving the capacity of a 

K. I 

cvlindrical condenser C = - it will be seen that if the 

2 log ^ 

dielectric between the inner and outer conducting surfaces of the 
cylindrical condenser be divided into concentric layers of equal 
thickness, the inner layers—that is, the layers of the smaller 
radius—offer a smaller surface to the dielectric flux than the 
outer layers, when a charge passes from the inner to the outer 
wall of the C 3 dindrical condenser. This^ results in a greater 
dielectric flux density per unit area on the inner layers. These 
layers will then have a greater difference of potential between the 
limiting walls and will be subjected to a greater stress. If the 
inner conductor is of very small radius, the stress in the layer 
of the dielectric close to this conductor will be enormous and 
there may be no insulating material sufficiently strong to with¬ 
stand the stresses when this conductor carries a current of high 
voltage. 

It is the above considerations which will lead to the design 
of the most efficient transformer insulation. I wdsh to discuss 
this subject more particularly from the point of view of the 
insulation and construction of high-voltage power transformers. 
The ability of transformers to transmit high voltages and to 
vdthstand very high voltage strains has developed practically 
during the last six or eight years and I dare say that this is due, 
not so much to a more thorough knowledge of insulating ma¬ 
terials and the use of new materials, as to the recognition of the 
great dangers of moisture in the insulation, the capability of 
extracting this moisture and afterwards keeping it out of the 
insulation. 

I wish to state that I do not consider it practical to use graded 
insulation in transformers between the high- and low-tension 
wind-ings or between the windings and the core. The intro¬ 
duction of metallic layers between high- and low-tension windings 
woffid result in very great complications as regards manufac¬ 
turing, and the connection of these metallic layers to taps of the 
high-voltage winding would add a number of high-tension leads, 
the placing of which would be cumbersome and the insulation 
of which would require a great deal of room and involve expense. 

The grading of the insulation of a high-voltage cable is a matter 
of necessity because the unequal distribution of the dielectric 
flux and the great difference in density of the dielectric flux 
between points on the inner layers and the outer layers of the 
cable cannot be eliminated. 

^ In high-voltage transformers, if properly designed, this unequal 
distribution of the dielectric flux density can be almost entirely 
eliminated and therefore the grading will become unnecessary. 
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. Moreover, while in cable insulation economy of space is 
hig’My desirable, particularly from the point of view of cutting; 
down the thickness and weight of the dielectric, the most expen¬ 
sive of the materials; in transformers a certain minimum space 
must be allowed between high- and low-tension windings and 
between windings and core to serve as ventilating ducts ad- 
niitting the circulation of oil between these parts. This results 
in low heating and consequently reduction in weight of copper 
the most expensive of the materials used in transformers. This 
space, which is necessary for the purpose of cooling, is in most 
cases of ample size for the purpose of insulating the present 
cornmercial transformers of the very highest voltages, if prooerlv 
designed and constructed, ’ j 



Pig. 1 


Fig. 2 


The type of transformer where the distribution of the di¬ 
electric flux between high- and low-tension windings is most 
unifortn is the one where the coils are arranged as concentric 
cylinders, either of circular or oval cross section. These two 
cylinders are placed over the sheet steel core in such a manner 
that the high-tension winding is outside of the low-tension wind¬ 
ing. The opposing surfaces of these cylinders are either parallel 
walls or concentric circles of large radii. The percentage in¬ 
crease between the inner and outer radii being very small, the 
distribution ^of the dielectric flux between these surfaces will 
be fairly uniform and every cubic inch of dielectric will with¬ 
stand the static strains in the same measure. The results will 
be a high factor of safety against breakdowns and economy in 
space and insulating material. 
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It will be only at the ends of these comparatively long cylinders 
that the density of the dielectric flux will be greater and its 
distribution irregular. These ends, however, being accessible, 
may be easily protected from breakdowns. 

The type of transformer particularly adapted to employ coils 
and insulation as described above is the so-called core type 
transformer shown in Fig. 1. In contrast to this type. Fig. 2 
shows another type of transformer winding, the so-called shell 
type. In this, the number of edges and sharp corners exposed 
between adjacent high- and low-tension windings and between 
windings and core are numerous. The dielectric flux density 
at these places is very great and it is difficult to insulate such 
windings. Nevertheless there is a great number of transformers, 
which employ coils of this type. The necessary insulation, 
however, and the space occupied by it is much greater than in 
the previously described core type transformer. For instance, 
in a 2o-C3"cle, 2000-kw., 50,000-volt transformer of the core type 
construction the space factor of the windings—that is, the ratio 
between the total section of copper conductors to the total 
available winding space—will be about 27 per cent, whereas in the 
shell type transformer this space factor is only about 16 to 18 per 
cent. The consequence of this is a heavier and more expensive 
transformer for the shell type, about one-third more than in the 
case of the core type transformer. With this there also goes 
a lower efficiency and a worse regulation for the shell type trans¬ 
former on account of the larger spacings required. 

C. P. Steinmetz: This paper deals with a subject which has 
become very important, since the development of the electrical 
industry has led to the use of cables of 20,000 volts and more, 
and of transmission lines of 100,000 volts and over, and thereby 
made it necessar^^ for us to seriously consider the phenomena of 
the electrostatic field. I entirely agree with Dr. Franklin, 
that it is of the utmost importance that we should endeavor to 
explain all phenomena in the simplest possible manner, and in 
such a manner as to get a clear physical conception of them, 
since only hereby it becomes possible intelligently and safely to 
use them. It^is regretted therefore that the nomenclature and 
to the conceptions of the electrostatic field, electric intensity, 
electrostatic quantity, etc., are so cumbersome and so un¬ 
amenable to giving a clear physical conception that we find it 
much more difficult to understand phenomena of electrostatic 
fields than for instance phenomena of the electromagnetic field. 
You can get a very simple and clear conception even of a very 
complicated magnetic field by Faraday’s physical picture of the 
lines of magnetic force, and there is no reason why we should 
not get the same clear conception of the electrostatic field by a 
corresponding picture of the lines of dielectric force. 

The first part of this paper deals with the question of grading 
in relation to cables, and the results and data given in the paper 
are very suggestive. But I believe we would make a mistake 
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if we should use them as given, for the design of cables, for the 
reason that the conditions are much more complex than they ap¬ 
pear from the discussion in the paper. 

High-voltage cables probably never break down by their 
operating voltage, but they break down at a weak spot, an air 
bubble, a lack of homogeneity in the insulating material; or 
they break down by a transient over-voltage, an electric impulse 
of limited power but more or less unlimited voltage. 

As regards the first, you see that fundamentally important 
in the design of cable insulation is the mechanical character of 
the insulating material, as thereon depends the probability of 
applying it without^ getting any weak spots or defects in it. 
An insulating material may have a very high specific capacity 
and high disruptive strength, and may therefore appear very 
suitable for the inner core of a cable, and still be entirely un¬ 
suitable, due to its mechanical characteristics which make it 
less safe to rely upon the absence of weak spots or defects in it. 

This very greatly limits the variety of materials which can be 
used. 

As regards the second feature, when the breakdown is due to a 
transient voltage, it means that of equal importance with the 
two quantities considered in the paper—the specific capacity 
and the dielectric voltage—the dielectric energy of the insulating 
material enters into the design of a graded cable. It takes a 
finite ^amount of energy to break down a dielectric and the di¬ 
electric may be exposed to an electrostatic gradient far above 
the break-down gradient without breaking down or deteriorating, 
if the application of voltage is sufficiently short that the energy 
of the field is less than the break-down energy. 

This makes the problem of grading very much more complex 
than it appears on the surface, when we consider that this latter 
quantity, the dielectric energy, is of equal importance to the 
two quantities considered, while quantitatively we know practi¬ 
cally nothing about it. 

The explanation of the deterioration of insulation when stressed 
beyond its dielectric strength, by the formation of pinholes, I 
do not consider as a hypothesis, but rather as a fact, fairty 
well-known for some years. In the early days of the application 
of high-voltage cables it was suspected’^from the life history of 
these cables, that a deterioration of the insulation took place 
by the formation of pin holes, and evidence of this phenomenon 
was afforded by the investigation and study of the insulation 
in very high-voltage transmission systems. In those cases 
where the insulation had been locally strained beyond its dielec¬ 
tric strength-Under conditions where no secondary phenomena, as 
short circuiting arcs, had destroyed the evidence, it is common 
to find the surface perforated by innumerable pin holes which, 
in the case of a very high voltage transmission line, where the 
electrostatic energy is large, may reach visible size. If then 
the over strained insulation i^ perforated by pin holes, either 
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microscopic or visible, the electrostatic • field is brought to bear 
on the outer insulation in a concentrated form and the outer 
insulation is exposed to what we may call an electrostatic shear¬ 
ing strain. That explains the described break down of the glass 
tube at a voltage far below that which it would stand when ex¬ 
posed to a uniform static field. 

This phenomenon has been described a number of times in 
recent years. It is shown best if you test a thin sheet of mica 
between a point and a plate. The mica sheet breaks down at a 
certain voltage. If now you put a drop of oil on the point, even 
a very small drop of oil, you find the mica sheet breaks down at 
a much lower voltage. In the first case, brush discharges spread 
from the point over the mica and give a gradual slope of the 
potential gradient. In the last case the drop of oil, by its much 
higher dielectric strength, cuts off the formation of the brush 
and brings the voltage localized to bear on the dielectric and 
the electrostatic shearing strain, if I may use that term, cuts 
through at a much lower voltage than a more uniform field would. 
You know that this phenomenon is guarded against in cable 
installations by avoiding sharp edges of the dielectric; by tapering 
it at the cable ends. 

I agree vdth the author of the paper that probably the 
phenomena leading to the corona in air are of the same nature 
as the deterioration of the solid dielectric by overstrain. The 
corona, my experience led me to believe, also is a disruptive effect 
and consists of innumerable minute streamers, the same as the 
pin points which perforate the solid dielectrics, the difference 
being merely that with the air those pin holes heal again, but 
they do not heal in the solid dielectric. 

In discussing the break down of a dielectric by an overstrain 
we^ generally assume, and I believe correctly, that there is a 
finite dielectric strength to air, to solid dielectrics, etc. Usually 
the break down is explained by assuming that if at any point in 
the electrostatic field, the electrostatic gradient exceeds the 
dielectric strength of the material, a break down occurs at that 
point, and then may spread further if the conditions are favorable. 
Since on conducting wires the maximum potential grading is 
at the surface of the wire, the break down should occur at the 
wire surface as soon as the electrostatic gradient at this surface 
exceeds the dielectric strength of air. Calculating, however, 
the electrostatic gradient at the conductor surface from the 
voltage at w-hich corona formation begins—and this voltage 
can be determined with great accuracy—we find that this electro¬ 
static gradient is not constant but increases very greatly with 
decreasing size of wires. This has been explained by assuming 
a layer of condensed air on the surface of the conductor. I be¬ 
lieve I am responsible for this explanation vrhich I gave seventeen 
years ago in a paper on the dielectric strength of^air, and I am 
the more sorry to say that investigations which we made during 
the last months have led me to* doubt this explanation. 



1910] 


■ DISCUSSION AT NEW YORK 


1607 


In the pursuit of a very extensive investigation of the phe¬ 
nomena ^ of the electrostatic field in air and other dielectrics 
—of which we may be able to communicate some of the results 
at the next annual convention—I began to question whether 
the break down in the electrostatic field does take place as soon 
as the potential gradient exceeds the breakdown strength of the 
dielectric at any point. The results rather led me to suspect 
a different law. In an electrostatic field a break down of the 
dielectric occurs as soon as the potential gradient has exceeded 
the dielectric strength of the material within a volume sufficiently 
large that the discharge current within that volume has an 
appreciable value. Corona thus forms at a conductor not as 
soon as the dielectric strength is exceeded at the surface, but 
only after the potential gradient has exceeded the break-down 
strength up to a certain distance from the conductor which is 
sufficiently large that the current charging and discharging 
the volume of air wdthin this distance has an appreciable, 
though minute value.” 

This explains the increase of the potential gradient with a 
small conductor and also agrees with other phenomena which 
apparently contradict the assumption of the constant break-down 
gradient of dielectrics. 

When there is an explanation suggested as the result of ex¬ 
perimental evidence, it is always well for a moment to set aside 
the experimental results and reason what we should expect from 
the known properties of things. 

When a break down occurs in a dielectric it means that in that 
broken down space a current flows. Now what are laws of 
current flow in air or other gases or in those materials which are 
used as insulating materials, in solid dielectrics. We find that 
the effective resistance is not a constant but is a function of the 
current density and has an enormous negative coefficient; that 
is, the resistance increases enormously with decreasing current 
density, approaching or tending towards infinity for zero current. 

Now you see what could follow from this. If the break-down 
strength is exceeded at one point or a very small volume, the 
dielectric may be stressed beyond breakdown, but there can not 
yet be a current flow, since that current would be so small that 
the resistance of the material is too high, that is, gives a higher 
potential consumption than the potential gradient available in 
that space. You must first break down a sufficiently large 
volume to bring the resistance of the dielectric down sufficiently 
to pass the current. Thus the very phenomena which I out¬ 
lined above should be expected from the laws of gas conduction 
and from the laws of the conduction of those dielectrics which 
are used as insulating material. 

To conclude, I desire to congratulate the author, not only 
on the very important results which he has communicated 
to us, but also on the very scientific manner in which he has 
given the results of his investigation by stating the experimental 
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facts, as siicli and without detracting from their value by giving 
instead of the facts their interpretation by some prevailing theory 
or speculative hypothesis. 

C. O. Mailloux: The remarks made by Mr. Thomas caused 
me to recollect some interesting experiments which I made 
thirteen years ago. I had gone to Vienna to investigate a 
certain insulating compound. I utilized there the facilities 
placed at my disposal by Professor Grau of the Technical High 
School of Vienna. Together, we made some experiments for the 
purpose of demonstrating and determining approximately, 
(which was all that_ w^as possible, with the crude methods and 
knowledge at that time available to us), the relative resistance 
to puncture of different insulating substances. The particular 
compound w-hich I was investigating specially w^as a mixture 
intended to replace and to constitute a substitute for gutta¬ 
percha. Hence I naturally compared it with gutta-percha. 
Inasmuch as that compound was intended to be used largely for 
making cables, I also compared it with several. other com¬ 
pounds w^hich w-ere then on the market, notablv the '' wax '' com¬ 
pounds used by Siemens & Halske for high-tension cable insula¬ 
tion. T\‘e made some experiments by taking sample sheets of 
the material of varying thickness, from a half a millimeter to 
seven or eight or even ten millimeters thick, and maybe from ten 
to fifteen centimeters square. We subjected these samples to 
puncture tests by placing them in the spark-gap of an electro¬ 
static machine. As nearly as w^e could estimate, with the facili¬ 
ties we had, w^e w^ere able to raise the pressure to as high as 
50,000 or 60,000 volts, and to reduce it to 10,000 or 15,000. 

The usual method of procedure was to lay the plate of material 
fiat on a plate of metal forming one electrode or sometimes on a 
point, that is, allowing it to rest on one of the electrodes. 'We 
used vertical electrodes of various forms, some of the needle¬ 
point '’variety, some of the knob variety. 'We placed the 
electrodes near to or far aw^ay from the sample, according to the 
case, ^but alw^a 3 *'S had the conditions the same for each set of 
experiments. By raising the voltage w^e could increase the 
stress; and, usually we would keep up the stress until puncture 
took place or until we found that the voltage w-as insufficient 
for the particular case. It should be stated that the pressure 
used was usually sufficient to cause brush discharge and sparking 
discharges over and around the edges of the sample. Now I 
observed repeatedly that before puncture took place in any ^ of 
the waxy materials, or in any compound, (i.e,, any made-up ” 
compound) there w^as alw^ays a slight preliminary pitting pro¬ 
duced at the point where the puncture was to occur. After 
that pitting action began the puncture would occur general!v 
(perhaps mvanably), m a very short time. The idea occurred 
to me that there must be two actions here—a mechanical action 

a thermc action. So we tried the experiment of stopping 
the test before the puncture took place. First, by a series of 
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experiments we determined that a puncture would take olace 
in so many seconds or minutes, as the case night be, with the 

a certain voltage; we had found out what 
pressure was requisite and how long it must be kept up in order 
to produce punctures. I came to the conclusion that the punc¬ 
ture took place at a certain point which was first heated either by 
the passing of a very weak current resulting from dielectric 
hysteresis or by some slight conduction-current actually passing 
through the plate, which had the effect of heating it slightly. 
The moment it heated, the resistance decreased very greatly as 
is the case with all insulating materials of that kind, thereby 
allowing a still greater amount of current to pass through. 
Suspicious that this might be the explanation, we tried the ex¬ 
periment of removing the stress. After subjecting the plate to 
a high voltage for a certain short time, we would stop just short 
of puncture. We did that many times, and we noticed that if we 
allowed the plate to cool it would eventually recover very nearly 
if not all of its power to resist to puncture. Of course whenever 
pitting had already occurred the total thickness of the sample 
was diminished at the pitted point and consequently less 
pressure and^less time were required to produce puncture.* This 
led me to believe that the puncture took place, when it did occur, 
as the result^ of a lowering of the resistance which allowed the 
dielectric resistance to fall to such a point that actual conduc¬ 
tion took the place of electrostatic conduction. 

Another point which I wish to call attention to is that, in 
Europe, at least, there is a quantitative estimate or measure 
made of the difference in the breaking down ability of alternating 
current and direct current. At the Marseilles Electrical 
Congress in 1908 the question came up before the Section at 
which I presided, and, at the request of one of the members, I 
appointed a committee to interview the various cable manufac¬ 
turers represented at the exposition or at the congress and ascer¬ 
tain from them what difference, if any, they woid.d make in the 
margin of allowable potential if the current used were a direct or 
continuous current instead of an alternating current. One of the 
reasons which led to the discussion of this subject and to the 
appointment of the committee was an interesting exhibit made 
at Marseilles in which an alternating current of very high po¬ 
tential, something like 100,000 volts, was commutated and then 
applied to a cable. I believe the manufacturers dared anybody 
else to try such a voltage on their cables and especially to try it 
in the alternating-current form. The next day after the com¬ 
mittee was appointed it reported at the meeting of the session; 
and my recollection is that every cable manufacturer had stated 
that a much higher voltage would be allowed if the voltage were 
direct-current.” The figures are probably to be found in the 
official report of the discussions before that section Section 
II) of the Congress. My recollection is that the figures ranged 
from one and one-half to two or more times the voltage. In other 
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words, the cable manufacturers were willing to allow from fifty 
per cent to one hundred and fifty per cent more voltage in the 
form of direct current than of alternating current. The dis¬ 
cussion of the report of the committee led to an expression of 
opinion by several members familiar with this subject, to the 
effect that the strain produced by an alternating e.m.f. is at 
least proportional to the maximum value of the potential differ¬ 
ence during each cycle, if not greater. 

Tracy D. Waring: In the development of anv theory it is 
veil, and generally necessary, to begin with the simplest as¬ 
sumptions. The simplest theory of graded cables assumes that, 
for a given insulating material, we may assign to it a deiinite 
resistivity and a definite electric permitivity, or to speak in terms 
familiar in the practice of cable engineering, the theory of 
graded cables requires that we know, for each insulating ma- 
tenal, the value of those electric quantities with which the ideas 



resistance and of electrostatic capacity of cables are 
Now it is well known that these qualities, for a definite in- 

rigs. 1, 2, 3 and 4, derived from tests on rubber inqiil^tpH 
wire may be taken as typical of the change of iShatiJn re 
sistance and of electrostatic capacity with ^hanf^hof 

‘cS?2.i„0’ 

very" conSSk Scf “ 

Pig. 1) but at a different “te fof StoetS iS^?„ “I’ 

so ttat for a graded cable, made trith SS 
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the potential gradient from conductor to sheath cannot remain 
unchanged after the voltage is applied and in fact it may be 
hours before a steady state sets in. Evidently also, under 
direct current voltage, the voltage gradient changes with alter¬ 
ations of temperature; for the insulation resistance of diiferent 
materials have different temperature coefficients, so that, for a 
graded cable subjected to direct-current voltage, the voltage 
gradient in the various layers would be different at different 
temperatures. 

Under present industrial conditions, however, the chief 
practical interest pertains to grading for alternating voltages, 
and in view of the curves in Fig. 1. it may well be asked whether 
the insulation resistivity under alternating voltage is of a mag¬ 
nitude any where near that usually ascribed to insulating ma¬ 
terials, such, for instance, as the figures given in the para¬ 
graph following equation (9) for rubber and for paper. 



perature for various durations of electrification. Based on the assump¬ 
tion that under constant voltage the leakage current is a measure of the 


insulation conductance. 


Note in Fig. 1 how extremely low the resistance is for a short 
period, say one-half minute, as compared with three minutes. 
One is tempted to exterpolate at the lower limits of the curves 
and assume that, for very short intervals of electrification, say 
for dne-half a cycle of alternating current, the resistivity of the 
dielectric would be extremely low, so low in fact as to make the 
resistivity and not the electric permitivity the determining factor 
in the voltage distribution in the dielectric, and thus to contradict 
the statement, that in ordinary cases the conductance is 
negligible.^’ 

Exterpolation is, however, extremely dangerous and definite 
experimental figures for resistivity for short periods of elec¬ 
trification should be demanded to decide this question. A 
limiting minimum value for the “ ohmic ” resistance of a cable 
under alternating-current voltage may be obtained from a 
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consideration of the dielectric energy losses under known voltage 
and charging current. It is to be borne in mind, however, that 
the figure thus arrived at is simply the equivalent effective re¬ 
sistance and is not the true resistance, for the greater part of 
the dielectric losses are hysteresis losses and not generally at¬ 
tributed to the true resistance. The true effective “ ohmic ” 
resistance cannot, however, exceed the figure thus obtained. 
Calculations of specific cases made on this basis generally show 
that the effective equivalent resistivity, although hundreds of 
times lower than the/‘ ohmic’’ resistivity at one minute elec¬ 
trification, is still so high as to indicate that the resistivity is not 
the determining factor for the voltage gradient under ordinary 
frequencies. 

x41though (in view of dielectric hysteresis) the true effective 
ohmic resistivity cannot exceed the figure thus calculated, it is 



Showing change of electrostatic capacity with change in 
duration of time of charging at various temperatures. Based on the 
assumption that the discharge measured by the throw of a ballistic 
galvanometer is a measure of the electrostatic capacity. 


cntical instant of the alternating cycle 
reastivity might be much less than th< 
fig^es thus amved at. That this is improbable is beautifulh 
shown in the oscillograph records presented by Hochstadter 
and as pointed out by him it is an extremely interesting fact that 
m spite of dielectnc losses during the cycle that at the exact 

was^ 7 e*<rT^ the applied voltage was at its maximum the current 
CTStesT’c£n“er'^?'"h'* concluded that, at the instant ot 

Lulation XhlSntsThetS^^^^^^^ 

electrification, the displacement c urrent and the leakage cur- 

•e!. SiShlhiSiSi*;!!;” •» 

might “ «>■“ 
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rent being difficult to differentiate, and I believe the dielectric 
losses under the same condition have never been analyzed ex¬ 
perimentally into conduction losses and hysteresis losses. 

Consider next the electrostatic capacity tests as shown in 
F gs. 3 and 4. The length of time designated as momentary ” 
refers to the mere tapping of the charging key thus charging the 
cable for a brief period and immediately discharging it through a 
ballistic galvanometer. 

The capacity thus measured might be expected to give a suit¬ 
able figure for calculating the charging current under alter¬ 
nating voltage. It has often been remarked however that the 
capacity calculated from the mean effective charging current 
and voltage does not accord with the capacity measured ballisti- 
cally. It has been shown experimentally by HochstMter, from 



MICROFARADS PER MILE. 

Fig. 4. —Showing change of electrostatic capacity with change of 
temperature for various durations of time of charging. Based on the 
assumption that the discharge measured by the throw of a ballistic gal¬ 
vanometer is a measure of the electrostatic capacity. 

oscillograph records of tests on paper cables, that the dis¬ 
crepancy disappears if the capacity be calctdated from the 
maximum instantaneous value of the voltage and from the 
charge in the cable at that instant. This agreement only 
holds, however, for capacities measured ballistically at rather 
low temperatures. As a matter of fact the experiments just 
referred to showed that the electrostatic capacity measured by 
the charging current is constant, and independent of the tem¬ 
perature. That is, it may be iifferred that the electric per- 
mitivity is a true constant independent of the temperature and 
does not change with the temperature at all in the way that is 
indicated by the ballistic capacity tests. 

The bearing of this point on the grading of cable is evident 
since it has commonly been supposed that the dielectric per- 
mitivity varied with the temperature and thus, for instance, an 
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ungraded cable, when heavily loaded would become automati¬ 
cally equivalent to a graded one, since the temperature next the 
conductor would be higher than at the sheath; but if electric 
permitivit}^ is independent of temperature this would not be the 
ca^, and in an}" cable the voltage gradient in the insulation, 
under alternating voltage, would not be influenced by tem¬ 
perature. There can be no doubt that the electrostatic ca- 
pacity of a cable as measured ballistically is open to grave possi- 
tulities of eiTor on account of absorbed charge and by change of 
the absorption and insulation resistance with the temperature, 
f-u it is evident, from these and other considerations, 

at the so-called constants of resistivity and electric permitivity 
as usually determined in commercial cable testingare, in general, 

not to be taken as adequate for determining the actual voltage 
gradient m cables. 

The author of the paper under discussion has admirably 
assisted in opening the way to a wide field of investigation, 
Speculation and practical application. 

letter): The following comments 
iUt parts, (1) a chscussion of the formula presented by 

nf discussion of the practical application 

lot' ^electric stresses to the determination of insu¬ 

lation thickness in ungraded cables. 

a discussion of this paper has given rise to 

betTee?°rt^°^ greatest importance, namely, the relation 

SaTnh^^n theory of_ stresses in dielectrics and the 

actual phenomena which occur in a stressed solid dielectric and 

rf T?ab^“c! ^°“®^'hat divided as to whether the insuktion 
DunctuS^ = K “ stressed to destruction internally without 
^ hnef survey of this subject unll be attempted. 

well^LowWnl!^® discussion gives the following 

+ 1 ° the relation between the dielectric 

aoUhe S S'SiS 


F = 


V 


p In A 

r 


( 1 ) 


where R = outer radius of insulation. 
f — radius of conductor. 

^ ^ '“Sres? P°“t where dielectric 

stress IS F when the volts between wire and 
sheath equal V. ^ 

'^P®^ tbe_ assumption that the hues of 

and sheath aSl that°thCTefore th between the conductor 
ana tnat therefore their density, or. in other words. 
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the dielectric stress, is the greatest at the surface of the con¬ 
ductor, so that K, the maximum value of F is given by 



If we keep the applied voltage and outside diameter of the 
insulation constant and vary the radius of the wire, we obtain 


dK 
d r 


An inspection of this equation tells us that if In — is greater 
d K 

than one, -j— will be negative, or, in other words, K will de-’ 

CL T 

crease as r increases. If we take into consideration the fact 
that X = 4 TT € times the number of lines of induction per 
square centimeter, a mental picture of the above relations may 
be obtained by resolving equation (2) into two parts as foUows: 




7 

2ln — 


X 



r 



and dividing by 4 tt € to obtain N the number of lines of in¬ 
duction per sq. centimeter at the surface of the conductor. 
Thus 



V 2 

_ X 

2 In — 
r 



TT € 


2 In 


V 1 

R e 2 TT r 



In this equation the first item represents the capacity of the 
condenser formed by the conductor and sheath; the product of 
the first and second terms represents the total number of lines of 
induction between the conductor and sheath; the third term is 
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reciprocal of the area per unit length of the conductor; and the 
product of the three terms, the number of lines of induction 
per sq. centimeter of conductor surface. 

In Fig. A, curve B gives the relation between the total number 
of lines of induction between conductor and sheath and the con¬ 
ductor radius; curve C is the reciprocal of the conductor surface 
per unit length, and curve A is the number of lines of induction 
per unit area at the conductor surface, these curves being ob¬ 
tained from equation (5) as described above. It will be noted 
from^ Fig. A that curve A first drops owing to the slowness of the 
flux increase as compared with the rapidity of its surface attenua¬ 
tion and then rises again owing to the reversal of these condi¬ 
tions. There is therefore a point of minimum flux density and 



Fig. A. Curve A. Dielectric stress^ or lines of electrostatic induction 
per unit area. Curve B: Totol number of lines of electrostatic induc¬ 
tion or condenser capacity. Curve C: Reciprocal of surface area per 
unit length 


therefore of minimum dielectric stress and this occurs when 
1 


r IS 


2.72 


of R. 


tl^ese curves may be regarded either as flux 
densities or dielectric stresses, these quantities being related 
by a constant ratio. The ordinates are therefore given without 

any specified scale in order that the curves may be used for either 
or tnese quantities. 

expositmn is given in order to emphasize 
the physical meamng of the equations under discussion. Thus 

m the case of cables in which ■— is greater than 2.72 we see 
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from curve -A ., A., ffiut if the conductor were to grow in 

diameter, the dielectric stress at its surface would decrease until 

its diameter became of the outside diameter of the insula¬ 


tion, after which — being no longer greater than 2.72 the stress 


would increase. If instead of the conductor growing in diameter, 
the dielectric at its surface were to break down, the effect 
would be the same. The stress in the uninjured dielectric 
where it meets the injured part would decrease until the diameter 

of the injured part equalled of the outside diameter of 

the insulation, after which the stress would decrease. If, there¬ 
fore, the applied voltage is just sufficient to break down the 
layer of insulation nearest the conductors, the next layers of 
insulation will not necessarily break down, as the virtual in¬ 
crease of conductor diameter due to the breakdown of the layers 
will have eased the stress to a safe value. Hence in such a cable 
a partial internal distintegration of dielectric should be possible 
without a complete puncture. 

JR 

Considering the case of cables in which — is less than 2.72 so 

r 

that K increases as r increases, a similar line of reasoning leads 
to the conclusion that if one layer of insulation is disrupted the 
next layer becomes more greatly stressed than the first and so 
on to the outside of the insulation, with the net result that the 
insulation is completely disrupted from the conductor to sheath. 

R 

Returning now to the consideration of cables wherein — is 


greater than 2.72 and assuming that the disintegration of 
inner layers is unobjectionable if the outer layers remain intact, 
we come to the conclusion that the outside diameter of the 
insulation is a constant entirely independent of the size of 
conductor and dependent only on the applied voltage. Referring 

R R R 

to equation (2) assume that — = 2.72 so that r = and In — 

T ^, i Li T 


becomes unity. Then 



2.72 V 
R ’ 


ov R = 


2.72 V 
K 


( 6 ) 


This is what Mr. W. I. Middleton’s formtda reduces to, when 


his wire diameter d is replaced by 


D 

2.72 


as he requires to be done. 
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Now it will be observed that the establishment of this formula 
depends upon the admission that the inner layers of insulation 
are broken down without injury to the outer layers; what, 
therefore, does Mr. Middleton mean by saying that as far as 
Professor RussePs hypothesis that the dielectric near the con¬ 
ductor breaks down and becomes charred, is concerned, I do 
not believe it. In eight years in the testing room of a cable 
factory, I have never seen a cable that has shown mechanical 
change^due to excess voltage in either rubber or cambric insu¬ 
lation. ^ Granting that the insulation neither chars nor breaks 
down visibly it would be interesting to know, first, what kind 
of change actually occurred in the inner layers of those cables 
which he tested to check the accuracy of his formula, and 
second, is there am^ physical meaning to his formula if it does 
not assume the partial internal disintegration of the dielectric. 

A\ithout wishing in any way to deprecate the value of Mr. 
IMiddleton’s work or question its originality, I must venture to 
obserA'e that Professor Alexander Russel gives this formula in 
his paper read November 7, 1907, before the Institution of Elec- 
tncal Engineers (JourxXal I. E. E., Vol. 40, p, 15, line 12) but 
that Mr. Middleton deserves our thanks for calling attention 
to its practical value, especially to the fact that for a given 
voltage the outside diameter is a constant while the copper 
Qiameter is a reducible quantity. 

2. The application of the theory oh potential gradient to the 
practical design of ungraded cables is a matter of great im¬ 
portance to which we will now turn our attention. 

The equation (2) may be reduced, for practical purposes, to 
the iorm 



where the logarithm is to the base ten, and ^ represents the thick¬ 
ness of insulation. ^ This equation may be used to calculate the 
nickness of insulation required to properly insulate a cylindrical 
wire of known radius. If, however, the wire is not cylindrical 
but consists of a strand of several wires, the formula becomes 
more complicated owing to the irregular distribution of the 
mes of induction about the wires composing the strand. It 

Levi-Civita that stranding has the 

for thck fnsuS ?n flr'r 1-23 


0.585 V 

{' ■'’s V) 


( 8 ) 
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The thickness of insulation calculated by the above formuke 
is inadequate because there is always a certain amount of in¬ 
sulation which is not effective as such. In practical cable work 
it is found necessary to add an extra thickness to make up for 
this inevitable deficiency. The useless thickness mav be 
analyzed as follows. 

1. Eccentricity of insulation about the wire making the 

insulation dielectrically stronger on one side of the wire than on 
the other, the excess on one side over that of the other beino- 
useless. “ 

2. Insulation in immediate proximity to the wire being likely 
to be abraided in bending, etc., is rendered useless. 

3. Insulation next to taping being likely to contain de¬ 
pressions due to crinkling of tape is rendered useless. 



DIAMETER OF CONDUCTOR, INCHES. 

Fig. B 

4. When cable is bent, the insulation on the outside of the 
bend is reduced. Hence, a cable when straight should have an 
excess of insulation in order that when bent, it may have just 
sufficient. This excess must, of course, be figured as useless 
in calculating insulation thickness on a straight conductor. 

This error thickness ” as we may call the total of these 
quantities is a function of the size of conductor and has To be 
determined by experience. Curve A in Fig. B represents wliat 
the writer considers to be about the practical magnitude of the 
error thickness for rubber insulated cable. 

Applying the logarithmic formula to the case of a wire insu¬ 
lated with rubber compound for 550 volts alternating current 
(or say 775 volts direct current) we obtain curve B, by assuming 
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a working stress oi K — bl kilovolts per inch and plotting the 
thickness obtained by calculation, upon curve A as base so that 
curve B represents the electrical thickness plus the error thick¬ 
ness. The thickness of insulation thus obtained is, however, 
not sufficient to meet the requirements of practical work owing 
to the severe mechanical stresses to which wires are subjected. 
It is therefore necessary to add insulation until the amount 
shown on curve E is reached. 

Proceeding in the same way for 2300-volt cables, curve C is 
obtained, part of which is below and part above curve E. ' With 
wires for this voltage the thickness of insulation is therefore 
partly determined by mechanical and partly by electrical con¬ 
siderations. 

Curve D is obtained in the same way for 6700-volt cables, 
this being used for 11,000 volts three-phase. This curve is 
entirely above curve E, showing that in this case, if sufficient 
rubber insulation is supplied to meet the electrical requirements, 
the cable will have ample mechanical strength. 

Curve F is the result of Mr. W. I. Middleton’s discussion. 
It is the line of demarcation between those combinations wherein 

~^'>2.72 and those where —<2.72. According to the theory 

reviewed above, curves A, B, C and D are worthless for all 
points on the left hand side of curve F and the special formula 
which applies to the values to the left of the curve F is shown 
graphically by curves G, H and /. 

The curves B, C, Z), G, H and I are based upon a working 
dielectric stress of 57 kilovolts per inch at the surface of the 
conductor, using the logarithmic formula modified to allow for 
the use of a stranded conductor instead of a perfectly cylindrical 
one. The stress of 57 kilovolts per inch allows a factor of safety 
of about seven, if an ultimate dielectric strength of 400 kilovolts 
per inch be assumed. This is about the same factor that is 
used in common structural design. The curves A and E are 
taken (by permission of the D. Van Nostrand Co.) from tables 

in Appendix III of the present writer’s “ Electric Power Con¬ 
ductors.” 

Engineers have hitherto avoided the use of small wires with 
hea\^ insulation because they cost more than larger wires with 
less insulation, and it is a curious fact that the curve E, which as 
explained above, has a pruely^ physical basis, also represents, 
to a fair degree of approximation the limit of the commercial 
^Pphcation of the old logarithmic law, f.a., those portions of the 
curves B, C and D which are replaced by curves J, iJ and G 
respectively give thicknesses of rubber of insulation which are 
commerciaUy impracticable. The curves G, H and I, may, on 
the contrary, give commercially practicable thicknesses of insu¬ 
lation and are therefore of more than academic interest, but at 
present prices ($0.14 per lb. for copper and $2.00 per lb. for 
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rubber) it is cheaper to use copper up to a diameter ^— of the 

2.72 

outside diameter than to use rubber compound on the expecta¬ 
tion of its being disintegrated. In addition to this, the extra 
copper adds to the carrying capacity and to the scrap value, 
so that it is usually better engineering to use it instead of 
rubber. 

The practical points brought out above in considering the 
thickness of ungraded insulation suggest that in designing graded 
insulation, the theory set forth by Mr. Osborne may have to 
be materially modified in practical details before it can be 
adopted by the cable manufacturers. 

H. S. Osborne: It has been pointed out in several of the 
discussions that the design curves which are given in the paper 
will be modified by mechanical considerations and by manu¬ 
facturing conditions. The necessity, which Professor Kennelly 
points out, for good joints between the layers of insulation, in 
order that excessive local gradients will not appear at those 
joints, seems to have been met by cable manufacturers, if one 
may judge from the success of graded cables. That the design 
may also be influenced by other conditions is suggested by Dr. 
Steinmetz, whose remarks concerning the effect of transient 
voltages permit us to hope that he intends to shed some quanti¬ 
tative light on that subject. It is customary to consider that 
the electric strength of a dielectric depends upon the time dura¬ 
tion of the impressed voltage; and it is probable that in designing 
a cable to withstand transient voltages, values for the electric 
strengths of the layers of insulation should be used which are 
quite different from the values determined by ordinary means. 
It does not appear, however, that the energy necessary to com¬ 
plete the breakdown of a dielectric, after it has been stressed 
up to the breaking point, would enter into the design of insula¬ 
tion, since the aim should usually be to keep the insulation from 
all overstress. 

Mr. Rhodes has pointed out that the voltage which a cable 
can withstand is not necessarily the criterion by which it will 
be judged, and has very clearly shown what advantage may be 
expected from grading a cable when the aim is for a maximum 
safe kilowatt capacity per duct. In most cases the aim in 
designing a cable is for a minimum cost with fixed voltage and 
current-carrying requirements, and the design is therefore 
fixed by a consideration of relative costs, of which no analysis 
is attempted in this paper. In this connection it is interesting 
to hear from Mr. Middleton that cable manufacturers find 
grading to be of value for voltages above 15 kv., though the¬ 
oretically the advantage to be gained depends, not on the voltage 
for which the cable is designed, but upon the ratio of that voltage 
to the diameter of the conductor. 

It would seem to be a matter for personal preference to decide 
whether one shall express the stress on the dielectric in terms of 
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the electric flux density, as Mr. Fechheimer suggests, or in terms 
of the potential gradient. Personally, I prefer to consider the 
potential gradient to be the measure of the electric stress to which 
the dielectric is subjected, and the flux density to be the measure 
of the resulting strain. It is advantageous to deal with what is, 
trom this point of view, the stress, rather than to deal with the 
strain, because a potential gradient is more easily measured 
than a flux density, and the electric strengths of dielectrics are 
ordinarily gi\’en in terms of potential gradient. The charac¬ 
teristic oi dielectric which is of primary interest is its volt- 

resisting ability, rather than its abilit 3 ^ to transmit electric 

flux. 


In remarking that “ electric strengths are limited at present, 
in the manufacture of cables, to a ver^^ few values,’’ the author 
did not mean to conve^^ the idea that electric strengths are 
liniited to a single value. The criterion given by Mr. Pech- 

heimer for the ideal grading of cables is expressed in equation 5 
ot the paper. 

■Mr. Rhodes and Mr. Waring have discussed the effect of a 
temperature gradient in the insulation of a cable on the dis¬ 
tribution of the electric stress. Mr. Hochstadter, to whose 
recent researches Mr. 'W aring refers, found that not only the 
effective capacit}" of an impregnated paper cable, but also 
V hat he calls the true ’ ’ capacity of the cable remained sensibly 
constat lor temperatures between 20 deg. and 60 deg. cent., 
though the 'static” capacity, as measured by a ballistic 

increased largel^x It seems probable, then, that 
he eiiect of temperature gradient in equalizing the stress in a 

small, if it is indeed appreciable. 

The conclusion in the paper with regard to the nature of partial 
breakdoum in solids seems to be generalty acceptable: Dr. 

einmetz, indeed, considers it to be a fairly well known fact, 
c iT f? simple and obvious an explanation of experimental re¬ 
mits that It would be remarkable if some such idea had not been 
in the minds of some engineers, but it has not before, as far as 

subiTct^'"^^""^’ expressed in public discussions of this 

renS-idiTt?" “ ^ experiments 

y°^®®sor_^'hitehead seems to be mistaken 
with regard to one of the experimental facts. The experiments 

irithLfh" “/^^"^ted that the dielectric could be ovLtressed 

but in each case the dielectric broke down 

experiments IT ®^'^®®b.ed. Dr. Steinmetz’s 

expenments lead him to_ conclude, however, that under certain 

cir(mmstances the electric strength of a dielectric may be ex- 
Mr'^ causing any change in the material, 

locaf heifer' rr t- VPerimental results in terms of 
rfenrtWactktyP,!“^F'!-P“^^ should bear 

sort from thfrfefe nJ® ■ to be of a different 

ort trom that due to ohmic resistance, and is accompanied by a 
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disintegration of the material at the point of puncture, however 
small may be the current which is allowed to flow. In the cases 
in which the authors have observed the melting and pitting of 
a dielectric before puncture which -was remarked by Mr.^Mailloux 
in substances of low melting point, the heating has evidently 
been caused by the brush discharge in the air around the elec¬ 
trodes. 

Mr. Fisher and Mr. Thomas have both suggested that the 
experimental results observed would be different, or at least 
less pronounced, were materials other than glass and rubber 
used for the experiments. This may well be, and it is to be 
hoped that experiments will soon be forthcoming which will more 
completely determine the behavior of overstressed dielectrics. 
It does not seem probable that the character of the partial break¬ 
down was due to the presence of flaws in, or to the lack of homo¬ 
geneity of the material, as suggested by Professor Whitehead 
and Mr. Franklin, though doubtless the voltage at which that 
breakdown occurred was influenced by the lack of absolute homo¬ 
geneity. The possible effect of a layer of air, suggested by Pro¬ 
fessor Kennelly and Mr. Thomas, was obviated after the earliest 
experiments by the use of a liquid dielectric between the rubber 
and the glass tube. 

The curves marked C in Figs. 10 and 12 were intended only 
to give a very rough idea of the magnitude of charging current 
which might be expected in those cases of partial breakdowm. 
As the resistance to the passage of current along the lines of 
incipient disruption is probably low, the change in the phase 
angle of the current w'hich is suggested by Mr. Atkinson does not 
necessarily occur, and it was therefore assumed in computing 
curves C that the phase angle of the current remained unchanged. 
The increase in static ’’ capacity which was noted by Professor 
Kennelly in the testing of some rubber cable would seem to be 
most readily explained by a rise in the temperature of the 
dielectric. 

It is very intexesting to learn from Mr. Middleton that the 
formula which assumes the complete breakdown of the over¬ 
stressed zone of a thick wall of insulation gives results which 
are satisfactory in practice. This fact seems to indicate that in 
the cases with which Mr. Middleton deals the potential gradient 
remaining in the partially disrupted zone of insulation approxi¬ 
mately compensates for the excessive stresses introduced by 
the needlepoints. 

The inconsistency of the present nomenclature concerning 
capacity prompts one to wish that the term permittivity^ which 
Mr. Waring uses, might come into general use. If Heaviside’s 
rational units were adopted the nomenclature could be simplified 
in the way indicated in the following. For the sake of sim¬ 
plicity, the case here considered is that of a parallel plate con¬ 
denser, A representing the effective area of the plates and t the 
thickness of the dielectric: 
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Quantity 

Present name 

Rational name 

e A 

i ^ 

Capacity 

Permittance 

e 

* 1 

specific capacity 

Permittancy or permittivity 


There seems to be little hope of the immediate adoption of a 
rational system of ^electric units, but with our present system 
of units the capacity nomenclature could be made consistent 
with the rest of electrical nomenclature. For example, the 
following terms have been suggested: 
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Quantity 
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Capacitance 
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4: it 
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Capacity, or capacitivity 

£ 1 

specific capacity 

Permittivity 
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INTERPOLES IN SYNCHRONOUS CONVERTERS 


BY B. G. LAMME AND F. D. NEWBURY 


Synchronous converters with interpoles have been used but 
little in this country, but they have been built to some extent 
in England and on the continent of Europe, principally by com¬ 
panies which are either directly connected with or very closely 
allied to the companies which have manufactured the great bulk 
of the converter apparatus installed in this country. Consider¬ 
ing that interpole generators and motors came into extensive 
use in this country at about the same time as in Europe, the 
question would naturally be raised why interpole converters 
have not come into similarly extensive use, especially as the 
principal designers of converters in this country are in direct 
touch with the designers of the commutating pole converters 
in Europe. The reply might be that the introduction of any new 
type of apparatus is a relatively slow process; but, on the other 
hand, interpoles on direct current generators and motors came 
into general use in a relatively short time, especially so in railway 
motors. This indicates that there has been a more or less 
pressing need for interpoles in certain classes of apparatus and 
the greater the need for the change the quicker was the change 
made. Any important change in design or type must be justified 
by engineering and commercial reasons, such as improved per¬ 
formance greater economy, or lower cost. In the railway motor, 
placed under the car, and more or less inaccessible, improved 
operation at the brushes and commutator, when equipped with 
interpoles, represented a pressing reason for the change in type, 
although the cost and efficiency were not appreciably changed. 
In the direct-current generator with the modem tendency toward 
higher speeds with lower cost, the interpoles represented a 
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practiced necessity. This has been recognized for several years 
and the change to the interpole type has been made as rapidly 
as circumstances will permit. Also, in variable-speed direct- 
current motors interpoles have been in general use for a number 
of years, simply because the interpoles represent a very definite 
improvement in a number of ways. 

New types of apparatus should only be introduced where they 
represent some distinct improvement or advance over existing 
t\ pes. 'Where a new type does not represent such improvement 
and is simply introduced to gratify a personal whim of the 
purchaser, or desire on the part of a manufacturing company to 
produce something different from other companies, the new 
apparatus, as a rule, will not advance quickly into public favor 
since there is no real necessity for it. 

It is therefore a question 
whether the slowness in the 
introduction of interpoles in 
synchronous converters is due 
to lack of sufficient advan- 
tages, or American engineers 
do not sufficiently appreciate 
their advantages. There ap¬ 
pears to be room for wide 
differences in opinion on this 
subject. The synchronous 
converter and the direct- 
current generator are two 
quite different machines, in 
their characteristics, and no 



one can say off hand, that interpoles will give the same results 
in both. In the follounng is given a partial analysis of the condi¬ 
tions occumng in the two classes of machines, which will indicate 
wherein interpoles are of greater advantage on direct-current 
generators than on converters. 

Taking up first, the direct current generator, it may be 

?he aiian “ magnetizing coils, namely, 

wiL W «l endings. Considering the armature 

^indm, alone, the magnetomotive force of the armature winding 

has zero values at points midway between two adjacent brush 

anns or points of collection of current and rises at a uniform mte 

to the point of the winding which is in contact with the brushes 

This IS Illustrated in Fig. 1. Therefore the armature Ending 
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liH.s its iTi£ixiTn.tiin nicLguGtiziiig effect or ni3.gn6toiTiotive force 
at that part of the core surface where the winding is directly 
in contact with the brushes. However, the magnetic flux set 
up by the armature winding will not necessarily be a maximum 
at this point, as this depends upon the arrangement of the mag¬ 
netic or other material surrounding the armature. If this point 
occurs midway between two field poles, then, while the mag¬ 
netizing effect is greatest at this point, the presence of a large 
air-gap at this same point may mean a relatively small magnetic 
fittx, while a mucli higher flux may be set up by the armature 
winding at the edges of the adjacent field poles. In the usual 
direct-current generator construction without interpoles, the 
position of commutation is almost midway between two adjacent 
poles and therefore the point of maximum magnetomotive 
force of the armature is also practically midway between poles. 
The absence of good magnetic material over the armature at 
this point serves to lessen the magnetic flux due to the armature 
magnetizing effect, but even with the best possible proportions 
there will necessarily be a slight magnetic flux set up at this 
point. While this field is usually of small value, yet unfor¬ 
tunately it is of such a polarity as to have a harmful effect on the 
commutation of the machine. During the operation of commu¬ 
tation, the coil w^hich is being commutated has its two terminals 
short-circuited by the brushes. If this short circuited coil at 
this moment is moving across a magnetic flux or field, it will 
have an e.m.f. set up in it which will tend to cause a local or 
short circuit current to flow. Such a current is set up by the 
flux due to the armature magnetomotive force described above 
and unfortunately this current flows in such a way as to give the 
same effect as an increased external or working current to be re¬ 
versed as the coil passes from under the brush. In other words, 
the e.m.f. set up in the short circuited coil by the above field 
adds to the e.m.f. of self induction in the coil due to the reversal 
of the working current. 

Another cause of difficulty in the commutation of a direct 
current machine is the self induction of the armature coils as they 
individually have the current reversed in them in passing from 
one side of the brush to the other. Each coil has a local magnetic 
field around itself, set up by current in itself and its neighboring 
coils. The value of this local magnetic field depends upon the 
arrangement of the winding, the disposition of the magnetic 
structure around the coil, the ampere turns, etc. During the 
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act of commutation, that part of the local field due to the coil 
which is being commutated must be reversed in direction. It is 
therefore desirable to make the local field due to any individual 
coil as small as possible. This means that the number of turns 
per coil should be as low as possible, the amperes per coil also 
should be as small as possible, while the magnetic conditions sur¬ 
rounding the coil should be such as to give the highest reluctance. 
By the proper arrangement of the various parts, it is usually 
found that the e.m.f. of self induction, due to the reversal of the 
coil passing under the brush, can be made of comparatively small 
value so that, if no other conditions interfere, good commutation 
could be obtained under practically all commercial operating 
conditions. However, the magnetic field between the poles set 
up by the armature magnetomotive force as a whole, as described 
above, adds very greatly to the difficulties of commutation. If 
the armature magnetomotive force, or the field due to it, could 
be suppressed, then one of the principal limitations in the design 
and operation of direct-current generators would be removed, 
and the commutation limits would be greatly extended. Or, 
better still, if a magnetic fiux in the reverse direction were estab¬ 
lished at the point of commutation, then the e.m.f. set up by this 
would be in opposition to the e.m.f. of self induction of the 
commutated coil and would actually assist in the commutation. 

This latter is what is accomplished by interpoles. When these 
are used the brushes on the commutator are so placed that the 
short circuited or commutated coils are directly under the inter¬ 
pole. Consequently, the maximum magnetomotive force of the 
armature is in exact opposition to that of the interpoles. There¬ 
fore, the total ampere turns on the interpoles should be equal to 
the total ampere turns on the armature in order to produce zero 
magnetic flux under the interpole or at the point of commutation. 
But, for best conditions there should not be zero fleld, but a 
slight field in the opposite direction from that which the arma¬ 
ture winding alone would produce. Therefore, the magneto¬ 
motive force of the interpole must be greater than that of the 
armature by an amount sufficient to set up a local field under 
the interpole which wih establish an e.m.f. in the short circuited 
coils opposite to that set up by the commutated coils themselves 
and practically equal to it. The excess ampere turns required 
on the commutated poles is therefore for magnetizing purposes 
only and the amount of extra ampere turns will depend upon the 
V ue of the commutating field required, depth of air-gap under 
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tliG liolCj etc. Tlic conitii'iitciting field, required is 

obviously u fuiictioii of tlie self induction of the commututed coil 
citid evidently the lower the self induction the less commutating 
field will be required. It is evident therefore that the commu¬ 
tating field under the commutating pole bears no fixed relation 
to the arnicitUTC ciniperc turns or to the mam field ampere turns 
but is, to a certain extent, dependent upon the proportions of 
each individual machine. 

It is evident that the magnetomotive force of a given arma¬ 
ture varies directly with the current delivered, regardless of the 
voltage. Iheiefore, that part of the interpole magnetomotive 
force which neutralizes that of the armature should also vary 
directly in proi)()rtion to the arm.ature current. Also, the self 
induction of the commutated coils will vary in proportion to the 
armature current carried, and therefore the magnetic field under 
the in ter pole for neutralizing this self induction should also 
vary in ])roi)ortion to the armature current. It is therefore 
obvious that if the main armature current be put through the 
interi)ole winding, the magnetomotive force of this winding will 
vary in the i)ro])er pro|)ortion to give correct commutating con¬ 
ditions as the a,rmature current varies, regardless of the voltage 
of the machine. This is on the assumption that the entire 
magnetomotive force of the interpolc winding is effective at the 
air gap and arnKiture, which implies an absence of saturation in 
the interpole magnetic circuit. In the usual construction, the 
interi)ole winding always carries the main armature current 
as indicated aI)ove, 

One consequence of the use of the interpole is that somewhat 
less regard nt‘ed be |)aid to keeping the self induction of the 
commutating coil at its lowest value. In consequence, there is 
somewhat more frecvlom in proportioning the armature winding, 
slots, etc,, than in a non-interpole machine, and advantage can be 
taken of this in l)ettering the proportions for other characteristics. 
The conditions of design arc therefore not as rigid in the interpole 
as in the non-inter|,)ole type. 

The alK)vc descriiition of the interpole generator has been gone 
into rather fully, as many of the points mentioned will be re- 
to again in connection with interpoles on synchronous 




The synchronous converter differs from the direct current 
generator in one very important particular, namely, it may be 
considered as motor and generator com|3ined. It receives cur- 
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rent from a supply system the same as a motor and it delivers 
current to another system like a direct-current generator. The 
magnetomotive force of the armature winding as a motor acts 
in one direction, while the magnetomotive force of the armature 
winding as a generator acts in the opposite direction. As the 
input is practically equal to the output, it is evident that these 
two armature magnetomotive forces should practically neu¬ 
tralize each other, on the assumption that the armature mag¬ 
netomotive force, due to the polyphase current supplied has 
practically the same distribution as that of the corresponding 
direct-current winding. Assuming that the two practically 
balance each othery then it is evident that one of the princip'ai 
sources of commutation difficulty in direct current generators 



is absent in the converter and therefore the limits in commuta¬ 
tion should be much higher than those of direct-current ma¬ 
chines. 

The following diagram show the distribution of the alternating- 
current and direct-current magnetomotive forces on a six-phase 
rotar}^ converter. The magnetomotive force distribution for 
the^ alternating-current input is plotted for several different 
positions of the armature. Three different positions are shown 
with the armatures displaced successively 15 electrical degrees. 
The general forms of these distributions repeat themselves for 
further similar displacements. 

These distributions are illustrated in Figs. 2, 3 and 4. It is 
evident from these three figures that the peak value of the m 
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netomotive force the armature varies as the armature is rotated, 
as indicated by the heights of the center line in the three figures. 

In Fig. 5, the magnetomotive force distribution of Fig. 2 and 
the corresponding direct-current distribution of Fig. 1 are both 
shown, but in opposition to each other. In this figure both are 
shown in proper proportion to each other, taking into account 
the alternating current amperes and the direct-current amperes 
output. The resultant of these two distributions is also indi¬ 
cated in these figures. 

In Fig. 6 the distributions correspond to Figs. 3 and 1 combined 
and the resultant is also shown. 

Fig. 7 combines Figs. 4 and 1. 





It is the resultant magnetomotive force in these three figures 
which is important, as this is the effective magnetomotive force 
which tends to produce a flux or field over the commutated 
coil. It is evident from these figures, which are drawn to scale, 
that this resultant varies in height as the armature is rotated, but 
the maximum is only a relatively small per cent of the direct- 
current magnetomotive force. Therefore, it is obvious that 
one of the principal sources of difficulty in the commutation of 
the direct-current generator is practically absent in the converter, 
and it is also evident from this that the commutating conditions 
in the latter should be materially easier than in the former. 
This has proved to be true by wide experience in the construction 
and operation of converters. 
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In the above figures the magnetomotive forces have been 
plotted to scale on the following basis: 

The six-phase converter winding is connected to three trans¬ 
formers with the so-called diametral arrangement; each of the 
three secondaries is connected across the diameter, or across 
180 deg. points on the wdnding, the three diameters being dis¬ 
placed 60 deg. with respect to each other. Assuming the direct 
current in the winding as A, then the maximum value of the 
alternating current in any one phase of the alternating-current 
end will be equal to f A, or 0.667 assuming 100 per cent 
efficiency. However, as the alternating-current input must be 
somewhat greater than the direct-current output, due to certain 



Fig. 6 



Fig. 7 


losses m the machine, it is evident that the maximum alter- 
nating current in any one phase must be somewhat greater than 

T‘ considered as part of 

the output of the rotary. The armature copper losess maybe 

conadered as due to an ohmic drop between the counter e.m.f. 

of the armature and the transformer e.m.f., and simply a higher 

transformer e.m.f. must be supphed to overcome tHs drop and 

iLwfv^ theT f 

friX and vi r the 

tnction and windage are excess losses which represent extra 

wMch mu^,t be supplied to the altemetinj-ourrent Id 

of the rotary. These rotational losses will usuaUy be relativelv 

email „ a 25-=ycle converter, being possibly 4 permit 
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cent in a small machine and 1 | per cent to 3 per cent in a large 
machine. In the 60-cycle converters, where the iron losses are 
relatively higher and the speeds are somewhat higher, giving 
greater friction and windage, the rotation losses may be con¬ 
siderably greater than on 25-cycle machines. Assuming these 
rotation losses will be 3 per cent, then the maximum alternating 

current per phase = —^ 7 — = 0.687 The foregoing Pigs. 5 , 

6 and 7 are worked out on this assumption of 97 per cent rota¬ 
tional efficiency and on this basis of minimum value of the 
resultant magnetomotive force of the armature at the direct- 
current brush is about 7 per cent of the direct-current magneto¬ 
motive force of the same word- 
ing, while the maximum value is 
about 20 per cent. The lower the 
rotational efficiency the smaller 
would be these values, aj^d with 
a rotational efficiency of about 
89 per cent, the minimum result¬ 
ant would fall to zero, while the 
maximum value would be about 

•no ’ • 

13 per cent. 

The resultant magnetomotive 
force of a synchronous converter 
might be compared with that of 
a direct-current generator with 
Fig. 8 compensating windings in the 

pole faces. It is generally known 
that such direct-current generators have much better com¬ 
mutating conditions than ordinary uncompensated machines. 
If such compensating winding on the field of a direct-current 
machine covered symmetrically the whole armature surface, 
then the armature reaction could be completely annulled, which 
is not the case in the converter. But with compensating wind¬ 
ings located only in the pole faces, then the armature magneto¬ 
motive force midway between the poles could not be completely 
annulled, unless over-compensation is used, and the resultant 
would be as shown in Fig. 8 , which is not quite as good as the 
average resultant in the converter. The commutating con¬ 
ditions in the converter can therefore be considered as at least 
as good as in a direct-current generator with a compensating 
winding of normal value located in the pole faces only. 
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In the application of interpoles to the synchronous convc‘rter 
the same principles should hold as in a direct-current Renerator, 
namely, the interpole magnetomotive force sliould lie suilicicnt 
to neutralize that of the armature winding and, in addition, should 
set up a small magnetic flux sufficient to overcome tlic self in¬ 
duction of the commutated coil. As the maguctomoLive force 
the armature varies between 7 per cent and 20 [ler cent .shown in 
the above figures, it is evident that perfect comptnisaiion of this 


cannot be obtained and that therefore only .some tivcragc value 
can be applied. Assuming that 15 per cent will lie required on 
the average to compensate for this, then in addition tlu; inter¬ 
pole winding must carry ampere turn.s sufficient to set vq) the 
small magnetic field for commutation. Thus the total ampere 
turns on the interpole will be equal to 15 i)cr cent of the armature! 
direct-current ampere turns plus a small addition for setting up 
the useful or commutating field. In the direct-curremt gen¬ 
erator, the ampere turns on the interpoles must equal IIk; total 
armature ampere turns plus a corresjjonding addition for tlie 
comrnutating field. It is therefore evident that an interpolc 
winding on a converter will naturally be very much sm.'dler Ihan 
on a direct-current generator, and in general it is l,etween 25 i)er 
cent and 40 per cent of the direct-current. 

In the pulsating resultant magnetomotive force in the con¬ 
verter there lies one possible source of trouble with interiiolcs 
Assume, for example, the total ampere turms on the interpoles 
are equal to 30 per cent of the direct-current amiierc turns on the 
ro ary and that 15 per cent of this is for overcoming the average 
value of the resultant mapietomotive force, then an average 

r available for setting ui) a commutating 

fie d, but, according to the above diagrams, tlie resultant mag¬ 
netomotive force of the armature varies from 7 per cent to 20 Tier 
cent, ^hth a total interpole winding representing 30 per cent 

'''' magnetizing part will vary from 30--7 

to 30 20, that is, from 23 per cent to 10 per cent. The effective 

magnetomotive force therefore tenr1« hr. ' 

.t. 1 xi ^nerciorc tends to vary over quite a wide 

range so that the commuteting field would also tend to vary up 

^ considerable range, which is an unde.sirable 

fairlv However, as this pulsation is at a 

eddv i ^ to damp itself out by setting up 

ittLTZE V"" the magnetic circuit. If L 

fnternole it kT were placed around the 

P » IS probable that this pulsation would be almost 
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completely eliminated, but such a damper possesses certain dis¬ 
advantages, as will be shown later. 

In practice this pulsation of the armature reaction under 
the interpoles is apparently not noticeably harmful in most 
cases, as evidenced by the fact that well-proportioned interpole 
converters in commercial service show no undue trouble at the 
commutator or brushes. 

Due to the relatively small number of ampere turns required 
on the interpole of a converter compared with those required on 
a direct-current generator, the design of the interpoles in the two 
cases presents quite different problems. In the direct-current 
generator the interpoles carry ampere turns, which in all cases 
are greater than the armature ampere turns, as explained before. 
As the field ampere turns on the main poles are, not infrequently, 
but little greater than the armature ampere turns, it is evident 
that the interpole winding may, in some cases, carry as many 
ampere turns as the main field windings. While but a small 
per cent of these interpole windings is effective in producing 
dux under the pole tip, yet they are all effective in producing 
leakage from the sides of the poles. As the interpoles are gen¬ 
erally small in section compared with the main poles, and as 
they may carry ampere turns equal to the main poles, it is 
evident that the effect of leakage may be relatively great on the 
interpole. 

For instance, if the leakage on the main poles is 15 per cent of 
the useful flux, then, with the same total leakage on the inter¬ 
poles, this may represent a very high value compared with the 
useful flux, due to the small section of the interpole and the 
relatively low useful interpole flux. In consequence, it is con¬ 
siderable of a problem to proportion the interpoles of a direct 
current generator so that the leakage flux will not saturate the 
interpoles at some part of the circuit. If they saturate, then 
part of the ampere turns on the interpole are expended in such 
saturation and the part thus expended must be counted off from 
the extra or excess interpole ampere turns. If, for example, 
the interpole winding requires 100 per cent for overcoming the 
armature and there is 20 per cent extra ampere turns for setting 
up a useful flux, then any saturation in the interpole circuit must 
represent additional ampere turns on the field, as the above 
120 per cent is necessary for useful flux and for neutralizing the 
armature. With reduced current, and consequent lower satura¬ 
tion, these additional interpole turns become effective in mag- 
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iietizing the gap and thus the commutating flux is too strong. 
At greatly increased load, more ampere turns are required for 
saturation, and the commutating flux is altogether too weak. 
It is thus evident that a machine with highly saturated inter¬ 
poles uill not commutate equally well for all loads. Herein 
lies^ a pjoblem in the design of interpole generators, as it is 
difScult to maintain a relatively low saturation in the interpoles 
due to their small section and high ampere turns which cause 
leakage. It is well known that in the main poles of the generator, 
a leakage flux which is higher than the useful flux is objection- 
a e, from the designer s standpoint; and yet in the use of inter¬ 
poles this is a normal condition rather than an exception. 

.. A converter the conditions are somewhat 

difterent due to the fact that the intqrpole ampere turns are 
usually only 2o per cent to 40 per cent as great as on a correspond¬ 
ing direct-current generator. The leakage at the sides of the 
poles_ becomes relatively much less, while the useful induction 
remains about the same as on the direct-current generator. In 
consequence, saturation of the poles is not so difficult to avoid, 
n some cases, due to the smaller ampere turns on the interpole 
Mnding, the interpole coils can be located nearer the pole tip 

nL- reduced. However, the 

IS nnt^ “terpole coil over the whole length of the pole 

IS not as objectionable in the converter interpole as it is on the 
rect-current generator as the ampere turns are less. It is those 
ampere turns which are located close to the yoke, or furthest 

ose close to the pole tip usually produce much less leakage 
but in mterpole generators with their high number of amnfre 
turns on the interpoles it is often difficult to find space for the 
mterpole winding, even if distributed over the whole pole length 

h ^ direct-current machine may be Lger than 

w ould otherwise be reauired c^imr^ixr 

j^quirea, simply to obtain space for the in 
pole wundino- Thk -Iq 4 . biieinrer- 

Y- A T *0 the same extent in the annli- 

cation of interpoles to converters 

In the above the leakage is referred tn qc r j.- 
interpole windin- as if the JJ A , function of the 

to do with ir Th f little or nothing 

c«m„t TAS oT J » *ect- 

ThTa converter, with their windings in nlaee 

also indicated by + or - ft is 

r Q Dy -h or It as evident that between the inter- 
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pole and one main pole, the interpole winding and the main 
field winding are of the same polarity, while on the opposite side 
of the interpole, these tw-o windings are in opposition. Let A 
equal the ampere turns of the interpole and B the ampere turns 
in the main coil. Then, A-{-B will represent the leakage ampere 
turns at one side of the interpole and A - B will represent the 
leakage ampere turns at the other side. Therefore, the leakage 
at the two sides of the poles is represented by (A +B)-h{A-B) 
— 2 A; that is, the leakage could be considered as due to the 
interpole winding entirely and may also be considered as due to 
double the interpole turns acting as one side of the interpole 
only. Another way of looking at this is to consider that the 
windings on the main pole produce leakage in the interpoles, 
but the leakage due to one main pole acts radially in one direc¬ 
tion in the interpole, while that due to the other main pole is 
in the opposite direction. 


Considering therefore the interpole leakage as being due to 
the interpole ampere turns only, it is evident that the syn- 



Fig. 9 


chronous converter will not be 
troubled with saturation of the in¬ 
terpoles to the same extent as a 
direct-current generator. With the 
same size of interpole it is evident 
that the converter should be able 


to carry heavier overloads than the 
direct-current generator before saturation of the interpoles is 
reached. 


It was mentioned before that a closed conducting circuit 
around the interpoles would be objectionable. This has been 
proved by experience with interpole generators. It is evident 
from the preceding analysis that the ampere turns on the inter¬ 
pole of a direct-current generator should always rise or fall in 
proportion to the armature ampere turns in order to give best 
commutation, assuming, of course, no saturation of the poles. 
If the interpole turns are directly in series with the armature 
winding, with no shunt across the interpole winding, it is evident 
that the interpole ampere turns must vary in direct proportion 
to the armature ampere turns. However, if a non-inductive 
shunt, for instance, were connected across the interpole winding 
in order to shunt part of the current, then in the event of a sudden 
change in load, the interpole winding being inductive due to its 
iron core and the shunt being non-inductive, the momentary 
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division of current during a change in load would not be the same 
as under steady conditions. In other words, if the armature 
and interpole current were suddenly increased, then a large part 
of the increase would momentarily pass through the non-induc¬ 
tive interpole shunt until steady conditions were again attained. 
In consequence, the interpole ampere turns would not increase 
in proportion to the armature ampere turns just at the critical 
time when the proper commutating field should be obtained. 


The same condition is approximated when a separate conr 
ducting circuit is closed around the interpole. A sudden chansfe 
in the current in the interpole winding, causes a change in the 
flux, and secondary currents are set up in the closed circuit, 
u hich always act in such a way as to oppose any change in the 
flux, n hereas, the dux in reality should change directly with the 
current. The above described non-inductive shunt across the 
interpole vending might be considered also as completing a 
closed circuit with the interpole winding, and therefore retarding 
secondary currents would be set up in this closed circuit with any 
change in the dux in the interpole. 

In some cases it may be impracticable to get exactly the right 
number of turns on the interpole winding to give the correct 
interpole magnetomotive force. For example, on a heavy 
cun-ent machine,^ 1.8 turns carrying full current might be re¬ 
quired on each interpole. If two turns were used, with the 
extra current shunted, the right interpole strength would be 
0 tamed. A non-inductive shunt, however, is bad, as shown 
above.^ However, if an inductive shunt is used, instead of non- 
inductive, and the reactance in this shunt circuit is properly 
adjusted, then it is possible to get the right interpole strength for 
nomal conditions and still obtain satisfactory conditions with 
sudden changes in load. Also, by arranging the interpole 
^ ^ng so that a very considerable percentage of the current 
IS shunted normally by an inductive shunt having a relatively 

to^We interpole, it should be possible 

to force an excess current through the interpole winding in case 
of a sudden increase in load in ^ c+-r^-r»rr 
field were_ needed at this instlnt. ^ commutating 

On the interpole synchronous converter a non-inductive shunt 
across the interpole winding should act very much as on an inter^ 
pole generator and therefore non-inductive shunts are unad 
visable. If any shunting is required it should be by means of an 
inductive shunt in those cases where the current from the con- 
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verier is liable to sudden fluctuations, as in railway sendee 

Where the service is practically steady, a non-inductive shunt 

should prove satisfactory for the interpoles of converters or 
direct-current generators. 

Under extreme conditions of overload current, that is, in 
case of a short circuit across the terminals, it is questionable to 
what extent interpoles are effective. It is practicable to design 
interpoles on direct-current generators which will not unduly 
saturate up to possibly three or four times normal load. How> 
ever, in case of a sudden short circuit the current delivered by 
the machine is liable momentarily to rise to a value anvwhere 
from 15 to 30 times full load current. With this excessive cur¬ 
rent the interpoles of the direct-current generator must neces¬ 
sarily be more or less ineffective. On account of saturation, the 
commutating flux under the interpole cannot rise in proportion 
to the current. However, there should still be some commutating 
field present, which condition is probably considerably better 
than no field at all, or a strong field in the opposite direction 
as would be found without commutating poles. Therefore, in 
direct-current generators with well-proportioned interpoles, 
the conditions on short circuit are generally less severe than in 
non-interpole machines. 

If the pole is highly saturated by the heavy current rush on 
short circuit, then it is evident that a highly inductive shunt, 
as described above, vrhich would increase the interpole current 
in a greater proportion than the armature current, would simply 
mean higher saturation with little or no increase in the useful 
flux under the interpole. 

In the synchronous converter at short circuit the conditions 
may be somewhat different. When the converter is short cir¬ 
cuited it can also give extremely high currents, possibly much 
greater than the corresponding direct-current generator can give. 
Both the armature winding tied to an alternating-current supply 
system, and the presence of the low resistance dampers on the 
field magnetic circuit, tend to make the short circuit conditions 
more severe in the converter. The worst condition, however, 
would appear to be in the relation of the interpole ampere turns 
to the armature ampere turns on short circuit. As shown before, 
the normal ampere turns on the interpole winding will be only 
25 p&r cent to 40 per cent of the direct-current ampere turns on 
the armature. In the case of a sudden short circuit the armature 
momentarily may deliver a very considerable current as a direct- 
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current generator, and the armature reaction, or the resultant 
iiiagiiet:omotive force, may approach that of a direct-current 
generator. In such case the ampere turns on the interpole will 
be very much smaller than the armature resultant magneto¬ 
motive force at this instant and thus there will be no commu¬ 
tating flux under the interpole, but, on the contrary, the arma¬ 
ture being stronger, there will be a reverse flux which may be 
considerably higher than if no interpole were present, as the iron 
of the iiiterpole represents an improved magnetic path for such 
flux. While the converter armature will probably never deliver 
all its energy as a direct-current generator at the instant of short 
circuit, 3’et it may be assumed that it will deliver some of its 
load thus, and it does not require a very large per cent to be 
generator action in order to neutralize, or even reverse the effect 
of the iiiterpoles. In consequence, on a short circuit the con¬ 
verter may have a reverse field under the commutating pole, 
while the direct-cuiTent generator under the same condition 
will have a field of the proper direction but of insufficient strength 
which, however, is a much better condition than a field of the 
wrong polarity. 


The inductn e shunt mentioned before, vrhich normally shunts 
a considerable portion of the interpole current, might be more 
effective in a converter than in a direct-current generator in the 
case of a short circuit. In a direct-current generator, the inter¬ 
poles would be so highly saturated, as described before, that the 
increase in current in the interpole winding due to the inductive 
shunt vould be relatively ineffective. In the converter, how- 
ex er, the saturation of the interpole can normally be very much 
lower than in the direct-current generator and it might be 
practicable^ to so proportion these interpoles that they do not 
saturate highly, even on short circuit. In consequence, a 
strong inductive shunt might force up the interpole ampere 
turns so that the negatWe field under the interpole would be 
much decreased, or might even be changed to a positive field 
and thus become useful in commutation. This would be helnfifl 

../y However, converters not 

quently flash over or “buck” when the circuit breaker is 
opened on a verj^ heavy overload or a short circuit and not 
when the first rush of current occurs. If the flash tends to 
occur at the opening of the circuit, then the above mentioned 

opposite effect from what is 
desired, for it would tend to develop or maintain a stronger 
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field under the interpole after the armature reaction is removed. 

In consequence, the heavy inductive shunt might prove harmful 
in such a case. 

Another condition exists in a converter which does not exist 
m a generator. When a short circuit occurs on a direct-current 
generator, the armature reaction tends to distort the main field 
very greatly—so much so that the field of the machine is very 
greatly weakened. This decreases the terminal voltage and 
the resultant decrease in the shunt excitation will still further 
tend to weaken the field. In consequence, the machine tends 
to kill its magnetic field and the voltage tends to drop to a 
low value. Therefore, when the breaker opens on a short circuit 
the direct-current voltage may be falling rapidly. When the 
armature current is removed from the machine the voltage may 
rise slowly , depending upon the natural rate of building "up the 
field. Consequently, after the breaker opens there is little or no 
tendency to flash, and practically all difficulties occur during the 
current rush, before the breaker opens. In a converter, how¬ 
ever, the conditions are different. The armature of the con¬ 
verter IS tied to an alternating-current supply system which 
tends to maintain the voltage on the converter. The machine 
cannot “ kill '' its field in the same way as the direct-current 
generator, for the alternating-current system tends to maintain 
the field by corrective currents which act in such a way as to tend 
to hold up the voltage. An enormous current may be drawn from 
the alternating-current system momentarily in case of a short 
circuit on the direct-current side of the converter. This heavy 
alternating current may cause a drop in the alternating-current 
lines, step-down transformers, "etc., so that the supply voltage 
does fall very considerably and the direct-current voltage does 
drop materially in case of a short circuit. However, the instant 
the short circuit is reruoved by opening the breaker, then the 
converter at once tends to attain full voltage as the alternating- 
current supply system tends to bring the armature up quickly 
to normal voltage conditions. In consequence there may be a 
relatively heavy current flow in the alternating-current side of 
the machine, while there is no direct-current flow in the armature. 
Part of this alternating-current flow represents energy in bringing 
the machine back to a normal condition, and part is purely mag¬ 
netizing or wattless current. The energy component tends to 
produce an armature magnetomotive force giving an active field 
at the point of commutation. This energy component alter- 
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nating-current flow, however, cannot be corrected by inter¬ 
poles, as there is no direct current flowing. 

A further difference between the synchronous converter and 
the direct-current generator, in case of a short circuit, lies in the 
results of field distortion. The enormous short circut current 
from the converter with the armature acting partly as a direct- 
current generator, may very greatly shift or distort the field 
flux. The dampers on the field poles tend to delay this distor¬ 
tion. Also, after distortion has occurred they tend to maintain 
the distorted or shifted field so that momentarily after the circuit 
breaker opens the converter may be operating without direct- 
current load but with a very badly distorted or shifted field. 
This also tends to produce sparking or flashing after the direct- 
current breaker has opened., 

Another condition which may affect the action of interpoles 
on converters, but which does not occur in direct-current gen¬ 
erators, is hunting. When hunting occurs in a converter the 
energy current delivered to the alternating-current side of the 
converter pulsates, or varies up and down over a certain range, 
which may be either large or small. At the same time the direct- 
current flow is apparently varied but little. In consequence, 
the resultant magnetizing effects of the alternating current and 
direct current do not nearly neutralize each other at all times. 
When the alternating-current energy input is least the converter 
delivers part of its direct-current load as a generator, the stored 
energy in the rotating armature being partly given up to supply¬ 
ing the direct-current power. In this case the resultant magneto¬ 
motive force may be a very considerable per cent of the maxi¬ 
mum direct-current magnetomotive force of the armature wind¬ 
ing. Also, the magnetic field under the main poles is distorted 
or shifted toward one pole edge. The armature necessarily 
slows down during this operation, the field polarity of all 
the poles being shifted toward one pole edge. The position 
of maximxim e.m.f. of the alternating-current end and also the 
position of maximum alternating-current flow may be shifted 
to a certain extent also. In consequence, the magnetomotive 
force due to the alternating-current flow will be shifted cir¬ 
cumferentially a certain amount, while the direct-current mag¬ 
netomotive force cannot be shifted, being fixed in position by 
the brushes. In consequence, the alternating-current magneto¬ 
motive force may not be in direct opposition to the direct-current 
at this instant, and the resultant magnetomotive force may be 
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much higher than at normal condition. A moment later the 
swing may be in the opposite direction; that is, the alternating 
armature current may be greater than direct current and the 
energy being received from the alternating-current system is 
considerably greater than is given out by the direct current. 
Again, the two magnetomotive-forces will not nearly neutralize 
each other and there also will be field distortion, but in the 
opposite direction, and again, the two magnetomotive forces 
will not be in direct opposition to each other circumferentially. 
If hunting is very severe, the resultant magnetomotive force of 
the armature due to the inequality of the input and output, and 
to the circunxferential shifting of the magnetomotive forces 
with respect to each other, may vary enormously and may pass 
from positive to negative values periodically. It is evident that 
under such condition the presence of an interpole may give much 
worse results than if no interpole were present; for, as mentioned 
before, if there is a magnetomotive force in the wrong direction 
at the interpole, the interpole magnetic circuit apparently makes 
conditions worse. In consequence, an interpole synchronous 
converter should be especially well designed to avoid hunting. 

All of the above considerations have taken into account only 
the energy currents delivered to the alternating-current side of 
the converter. Some consideration should be given to the effect 
of wattless currents in connection with interpoles. 

As is well known, when a svnchronous converter has its field 
strength improperly adjusted for the required alternating-current 
counter e.m.f., alternating currents will flow in the armature in 
such a way as to correct the effect of the improper field strength; 
that is, if the field is too weak wattless currents will flow in the 
armature which tend to magnetize the field of the converter. 
These currents will be leading in the armature, but will be lagging 
with respect to the line. On the other hand, if the converter 
field is too strong, these wattless or corrective currents will tend 
to weaken the field and will lag with respect to the armature, but 
will lead with respect to the line. These corrective currents 
will have a lead or lag of 90 deg. with respect to the energy 
currents. Their magnetomotive forces also will have a lead or 
lag of 90 deg. from the magnetomotive force of the energy com¬ 
ponent of alternating-current input. As this latter practically 
coincides with the direct-current magnetomotive force, which is 
midway between the main poles, the corrective armature cur¬ 
rents will have a maximum magnetomotive force practically 
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under the middle of the main poles and therefore become purely 
magnetizing or demagnetizing due to such position. Also, 
being at right angles to the energy component, the magneto- 
motive forces of the corrective currents will have zero value 
where the energy component has maximum, and therefore 
s ould have no direct effect upon the resultant magnetomotive 
torce midway between the main poles, or under the interpoles 
li such are used. It might be assumed therefore that the usual 
wattless or corrective currents, which the converter may carry 
on account of improper field strength, will have no direct harmful 
ect on the commutation. However, there are apparently 
some mdirect effects due to this corrective current, for when a 
converter IS operated at a bad power-factor, either leading or 
lagging, there is generally more trouble at the commutator and 
brushes than when a high powmr-factor is maintained 
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It will be instructive, before considering the possibility 
of advance in this direction to take a brief survey of what has 
been accomplished without interpoles. The data of some ma¬ 
chines of large output and high speed which have been built 
^nd placed in operation in the United States are given in the 
accompanying table: 

The 3000-kw. converters mentioned above are the largest 
converters so far built. Eleven of these units have been in¬ 
stalled or are being built for two of the traction companies of 
iSTew York City. It is of interest to note that a number of these 
luoits are replacing 1500-kw. 250-rev. per min. units installed 
S-bout ten years ago in the same substations, thereby doubling 



Fig. 10 


the capacity of the stations without increasing the real estate 
investment. The speed of these 3000-kw. units is the same as 
th.at of the 2000-kw. which, when designed four and a half 
years ago, represented the extreme in output and speed. 

The same ratings given in the table are plotted in the curve, 
Fig. 10, to which has been added other ratings which have 
been proposed and which can obviously be built in view of their 
relation to ratings which have been built. Fig. 10 represents 
concisely the situation to-day as far as the writers are familiar 
with it. The curves bring out very nicely the relation between 
permissible amperes per brush arm and frequency and voltage. 
It will be noted that the permissible current is greater in the 
250-volt converters than in the 600-volt converters, and greater 
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in the 25-cycle converters than in the 60-cycle converters of the 
same voltage. These differences call attention to the fact, 
important in connection with the study of interpoles, that there 
are limits to speed and output other than the limit affected by 
interpoles—the limit of sparking. 

In any commutating machine the commutating conditions are 
dependent, to a large extent, on the number of poles. If, in a 
given design the commutation design constants are unduly 
large, the conditions can be improved by increasing the number 
of poles, since this, with the parallel ” windings invariably used 
in larger machines, increases the number of circuits in parallel 
and decreases the current to be commutated in a single circuit. 
In a direct-current generator the number of poles can be varied 
'Pvdth in fairly wide limits with a given speed, since the alternations 
of the machine are not of controlling importance. In the syn¬ 
chronous converters, on the contrary, the number of poles and 
the speed are rigidly interconnected by the frequency of the 
supply^ circuit. This imposes a limitation in converter design 
which is not present in the design of direct-current generators. 
The least number of poles which a direct-current generator can 
have is determined largely by the total current to be handled 
and to a less extent by the speed. There is a maximum current 
which can be handled by each brush arm or for each pair of poles; 
this current is determined by the permissible length of commu¬ 
tator which, in turn, is determined by the stresses, the type of 
commutator construction employed, and the skill of the available 
manufacturing department. Due to the fixed relation between 
poles and speed in rotary converters, there is a fixed relation 
e ween be frequency and the commutator peripheral speed. 
The peripheral speed in feet per minute is equal to the alterna¬ 
tions per mnute of the supply circuit times the distance in feet 
e ween adjacent neutral points on the commutator. With the 

peripheral speed of 

^ mutators in 60-cycle converters is necessarily 2.4 times the 

aM commutators. This does not mean 

dSLentelf nf'T , ^'^tually built with this 

ditterence m penpheral speed, but that 60-cycle converters arc 

pushed as high in peripheral speed as possible while 25-cycle 
converters are designed with a somewhat lower peripheral sXd 
a^d with a pmportionately greater distance between nSTat 
pomts which, m turn, determine to a marked degree the 
tiveness of the machine in operation. ^ ^ 
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Another matter which has a bearing on the speed of converters 
is the fact that in any machine, whether an alternating-current 
generator, direct-current generator, or synchronous converter, 
there is a limit in the number of poles below which little or no 
reduction in cost results in spite of the increased speed. This 
is best shown by the relative costs of two-pole and four-pole 
alternating-current turbo-generators, but is also true of other 
machines although to a less degree where the number of poles 
is greater. 

With these facts in mind, the difference in the high and 
low voltage and high and low frequency converters can be con¬ 
sidered. 

25 Cycles, 250 Volts, Due to the low frequency, low com¬ 
mutator peripheral speeds are possible without exceeding very 
conservative limits in distance between neutral points and 
voltage between adjacent commutator bars. This permits very 
long commutators, without exceeding safe mechanical limits. 
The large currents due to the low voltage require at best a large 
number of poles, which results in a low speed in revolutions, and 
which also simplifies the mechanical problem of the commutator 
design. The large currents to be handled, particularly in the 
larger outputs, make it desirable to push to the limit the current 
per brush arm. The permissible current per brush arm is high 
due to the favorable conditions mentioned above and the result 
is seen in the high values of amperes per brush arm used in 
converters of this class. It is evident that for converters of low 
voltage and low frequency the limit to further increase in speed 
—with consequent decrease in poles—^is length of commutator 
rather than sparking. 

25 Cycles^ 600 Volts. As in the 250-volt' converters, low 
frequency permits low commutator peripheral speed which, in 
turn, permits relatively long commutators. The smaller cur¬ 
rents to be handled, however, permit fewer poles which results 
in higher speeds than in the corresponding 250-volt converters 
which necessitates somewhat shorter commutators. The result 
is that, due to the higher speeds, the limit in amperes per brush 
arm is lower than in the 250-volt converters. By comparing 
the curves for 25-cycle 600-volts, and 60-cycle 250 volts in Fig. 10 
it is evident that somewhat higher values of amperes per brush 
arm could be used for the former, since for the same kilowatts 
and speed the amperes per brush arm are equal. Either the 
highest available speed has not been employed in existing de- 
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mth speeds could be used if interpoles were added. 

.^t Ve r Tr'r !? “"'“e in speed is 

not the length of the commutator 

W Cycles, 250 Volts. The maximum possible speed at the 
commutator IS used m order to increase the space between neutral 

without^’^ the number of poles are chosen as small as possible 
exceeding questionable operative speeds. This im 

conditions in the commutator 
design. Going as far in this direction as is represented by the 
ratings mentioned above, the number of poles is still larger than 

rattea ® ^ direct-current generator of the same 

tin^ The amperes per brush arm are smaller than in the 

of nolt of the same voltage due to the larger number 

Of poles imposed by the frequency requirement. 

We question, however, whether higher speeds and greater 

amperes per brush arm are possible without radically changing 

in commutator construction. Here, then! as 

higher converters, the barrier to 

r J-h h? commutator mechanical design 

rather than in the electrical design. 

60 Cycles, 600 Volts. As in the 250-volt, 60-cycle converters 
the number of poles is made as small as possible, keeping within 

Taf lTr 1 * to poles necessitated 

pfc in toequency, the amperes per brush arm as shown by 

rig. 10 are very low. ^ 

The limit to higher speed is obviously not amperes per brush 
arm. Interpoles would probably permit higher speeds due to 
more favorable sparking conditions, but higher speeds than those 

to7d?signr 

facteerf tr. American manu- 

verv recent converters were introduced within a 

very recent date for units above 300 kw. With the relatively 

low commutator peripheral speeds previously used, the distance 
between brush_ arms was very small. This restricted the design 
to a comparatively small number of commutator bars between 
neutral points with a high voltage between bars, particularly 
, if f converters. The use of a large number of poles rZ 

thf comblnS XT 

bar” So volt S f “volts per 

, 600-volt, 60-cycle converters had a bad reputation for 
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sensitiveness to wrong brush position and to bucking when 
compared with the substantial characteristics of low frequency 
converters. The later apparently radical increase in speeds 
has placed 60-cycle converters in the same class with the majority 
of 25-cycle machines now on the market in those features of 
design tending toward stability in operation. If this increase 
in speed which has been successfully accomplished without inter¬ 
poles,^ had proven unsuccessful, due to commutation difficulties, 
then interpoles would without any question be justified for 60- 
cycle converters. 

To summarize the above discussion of the various limits to 
increased speed: It would appear that 25-cycle, 600-volt 
converters offer the most promising field for the application of 
interpoles; that 60-cycle, 600-volt converters follow next and 
that^ 60-cycle and 25-cycle 250-volt converters show the least 
possibilities of improvement from the standpoint of design. 

If the use of interpoles permits higher speeds and outputs than 
those possible without interpoles from the standpoint of commu¬ 
tation it will be necessary to raise our present limits imposed by 
the construction of commutators except possibly in 25-cycle 
railway converters, if advantage is to be taken of the higher 
speeds. These limits may be raised materially only by a change 
in the type of commutator construction used. In all of the 
converters referred to the usual F-ring commutator is employed. 
The shrink-ring construction developed for direct current turbo¬ 
generators might be used, especially for lower voltages, and the 
limits in peripheral speed and length of commutator be con¬ 
siderably extended. It may be found, however, that the use 
of this type would necessitate commutators of small diameter 
compared with those now used in synchronous converters, in 
order to obtain a construction of sufficient rigidity. This would 
in turn necessitate the use of the number of poles and speeds 
approaching those used in direct-current turbo-generators in 
order to obtain the necessary output. Such extreme proportions 
would apparently result in more expensive machines than those 
of the -proportions now used without interpoles. A serious ob¬ 
jection to the use of shrink-ring commutators is the difficulty of 
making repairs on them after installation. This, in general, 
limits the use of shrink-ring commutators to machines in which 
other constructions simply cannot be employed. Commutator 
dimensions and speeds comparable with turbo-generator practice 
would only be possible with 60-cycle apparatus. As a matter of 
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fact it is not a long step from our present 60-cycle converter 
speeds to those usual in direct-current turbo-generators in this 
country. In the 300-kw., 600-volt, 60-cycle converter referred 
to, any further increase in speed would necessarily be from the 
present six poles to a four-pole converter operating at 1800 rev. 
per min. This is the same as the speed selected for a number of 
direct-current turbo-generators of 300-kw. capacity. Similarly, 
the 500-kw., eight-pole, 900-rev. per min. converter, if changed, 
would be a six-pole 1200-rev. per min. converter which is not 
very different from 1500 rev. per min. selected by several manu¬ 
facturers for the direct-current turbo-generator of 500-kw. 
capacity. 

The question of satisfactory commutator design for high speeds 
is a question that concerns the man who has to construct the 
commutator and the man who has to operate it, equally with the 
man who designs it. A large high-speed commutator is, what¬ 
ever the design, a wonderful contrivance requiring constructive 
ability of the highest order and, when completed and put in 
operation, requiring careful attention on the part of the operator. 
Defects uiinoticed at low speeds become disastrous at high speeds. 
The type of construction and the limits in size and speed are not 
to be changed without very careful consideration. 

Granting that increased speeds are feasible through the use of 
interpoles, and that it is possible to build satisfactory commu¬ 
tators at the increased speeds and increased current outputs, 
the question still remains whether such a change results in a 
sufficient reduction in cost or improvement in performance to 
warrant the change. Considering 25-cycle, 600-volt converters, 
it is without question possible to build a 300-rev. per min. 1500- 
kw. converter without interpoles of a design in line with con¬ 
servative practice. There is ample basis for the belief that 
still without interpoles, the speed could be increased to 375 rev. 
per min. without sacrificing good commutating limits, and that, 
with interpoles, and, assuming that a satisfactory commutator 
could be designed and built, the speed could be further increased 
to 500 rev. per min. But, comparing the material required in 
the eight-pole 375-rev. per min. converter and in the six-pole 
500-rev. per min. converter, it will probably be found that the 
cost of the six-pole machine of such large capacity is as great as 
or greater than the eight-pole. It is also questionable whether 
the 750-kw. size which is now built with six poles for 500 rev. 
per min. could be changed to four poles and 750 rev. per min. 
with a decrease in cost sufficient to warrant the change. 
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As an illustration of what high speeds and long commutators 
will lead to, Fig. 11 is shown. This is a 25-cycle, eight-pole, 
375-rev. per min, 800-kw. 250-volt, 3200-ampere synchronous 
converter. This machine carries a synchronous booster between 
the collector rings and the rear end of the armature, but this 
adds but little to the dimensions of the machine. The great 
length of the machine, compared with its diameter, should be 
noted. The use of interpoles would probably not allow any 
material change in the dimensions of this machine. 

Considering 60-cycle converters, both 600- and 250-volt, 
any increase in speed would result in machines comparable with 
direct-current turbo-generators in type of construction and in 
cost. To state the matter conservatively, it is extremely doubt- 



Fig. 11 

ful whether any material increase in speeds above those now 
known to be possible without interpoles can be made with enough 
saving in cost to compensate for the expense of adding interpole 
windings, if such are required. 

The actual construction of converters with interpoles would 
be attended by some minor disadvantages. The field structure 
would be considerably complicated by the additional field wind¬ 
ing, particularly in the case of converters for three-wire service 
in which both the series and interpole field windings would have 
to be connected in both the positive and negative circuits. In 
all cases the addition of the interpole would considerably crowd 
the field structure and increase the temperature rises in the 
converter unless it were designed with greater diameter to pro- 
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vide sufficient space for the interpoles without crowding. The 
efficiency of an interpole machine would in general be slightly 
lower than that of the corresponding machine without inter¬ 
poles, due to the addition of the interpole losses. In the event 
of the use of higher speeds, the efficiencies will be considerably 
low^'ered by the increased friction loss due to the bearings, 
brushes and windage, unless the reduction in iron and copper 
losses is sufficient to compensate for the increased friction. 

The advantages and disadvantages chargeable to interpoles 
may be summarized as follows: 

1. Assuming that considerably higher speeds could be used: 
Advantages. 

a. Possible reduction in cost. 

b. Less attention required in operation. 

c. Longer life of commutator and brushes. 

The advantages b and c may be more than counterbalanced 
under the present assumption, by the greater difficulty of main¬ 
taining any commutator in proper condition with the higher 
speed assumed. 

Disadvantages. 

a. Possibility of increased trouble from bucking on sudden 

changes in load or short circuits. 

b. Possible reduction in efficiencies, particularly in light 

load.' 

c. Higher operating temperatures unless the same tem¬ 

peratures as now obtained in non-intefpole machines 
are maintained by partly sacrificing the advantage of 
lower cost. 

2. On the assumption that no higher speeds will be used with 

interpoles than have been found to be practicable without 

interpoles, but that the interpoles will be added simply as a 

refinement to machines that would operate satisfactorily without 
them. 

Advantages. 

a. Less attention required during operation. 

b. Longer life of commutator and brushes. 

Disadvantages. 

a. Possibility of increased trouble from bucking on sudden 

changes in load or short circuits. 

b. Slightly lower efficiencies. 

c. Higher operating temperatures. 

d. Greater cost due to the addition of interpoles. 
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This is true of course only mth the stated assumption that 
the converter is designed to operate satisfactorily without 
interpoles. It would probably be possible to design a converter 
with interpoles without exceeding the cost of the non-interpole 
machine as has been done in other types of apparatus, but this 
would be done by making a machine which is unsatisfactory 
without interpoles and then improving the commutating condi¬ 
tions by interpoles. Such result, however, woiild hardly repre¬ 
sent an improvement over present practice. 

In conclusion, the authors have attempted to state the 
case for and against interpoles in all fairness. From the stand¬ 
point of design it seems difficult to make a sufficiently strong 
case for the interpole in synchronous converters to warrant the 
additional complication in construction. At best the addition 
of interpoles, properly applied, represents a refinement over 
present designs, and the fundamental question is whether such 
refinement is justified commercially. This question, however, 
must be decided, as all engineering problems are finally decided, 
not by the judgment of one man or any group of men, but by the 
results of experience in extended operation. 
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Discussion on “ Interpoles in Synchronous Converters,” 
New York, November 11, 1910. 

Gano Dixnn: This subject comes under the head of commuta¬ 
tion, which Lord Kelvin used to lament was neglected in former 
years by the drawing away of the best minds in electrical engi¬ 
neering from direct current problems to the more interesting 
and complicated alternating current problems; although Lord 
Kelvin also said the problems of commutation were really more 
complicated than the problems in alternating current for which 
they were neglected. 

To-night’s paper, with the discussion expected, shows that 
the best minds are coming back again to the old subject of 
commutation, with a resolve to solve some of the difficulties 
that have been waiting so many years asleep, for the kinds of 
men that are now giving them attention. 

There are two kinds of commutation; magnetic commuta¬ 
tion, and what may be called resistance commutation, al¬ 
though the resistance referred to is that of the contact of the 
brush with the commutator and produces an effect similar to what 
would be produced by a counter electromotive force at this 
contact. 

Resistance commutation depends upon this so-called counter 
electromotive force of contact under the heel of the brush for 
the reversal of the coil. 

Magnetic commutation depends for the reversal of the coil, 
upon the direct electromotive force generated in it by either the 
magnetic fringe at the pole tip or by an auxiliary pole. 

Under the action of the auxiliary or commutating pole the 
current in each coil of the arch of coils approaching the com¬ 
mutating region, is reversed at the same time that " the coil is 
transferred from the approaching to the receding arch. 

All commutating or interpole subjects belong under the head 
of magnetic commutation. 

Interpoles have been known for many years, my first discus¬ 
sion of them being in a lecture delivered in 1893, but for many 
reasons, which this is not the occasion to mention, they were not 
taken up for constant speed machines until, when either through 
increased size or increased speed and after the number of turns 
had been decreased to one per bar, the volume of current loaded 
on the armature turns of dynamo electric machinery bJJ^mu 
larger than a carbon brush could, by resistance commutation, 
satisfactorily reverse. 

A further reduction of turns per bar was impossible for the 
same reason that you cannot make a clock that will strike less than 
one, and there seemed at that time to be no known means of in¬ 
creasing the so-called counter electromotive force of contact of 
the brush. Interpoles were therefore resorted to, for theproper 
turning over of the heavy currents in the coil which had grown 
beyond the capacity of the brush to handle in the time allowed. 
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in^^Td^nrbefni^-f^ adopted very rapidly, becom- 

mg a i_aa and being used in many cases where thev were not a s 

physicians say “ indicated,” and I am glad to see in lL vavll 

a^conservative tendency in regard to their use in rotary coinS-t- 

I msh to point out an improvement that has been made in 
repstence commutation, which may increase the rano-e of an 

SSes^'^lt Is nS of commutation into the field^of inte?- 
poies. it is not yet satisfactonly developed commercially 

a?e Tearchlna ITr^mean? hf interpole, to those who 

rotary cSverters iniproving the commutation of 

1 refer to what ! have called fractional commutation the 
principle involved in whibh was developed bj'- Mr F W Youno- 
and was mentioned at the Asheville ConventLn of the Institute 

ciSt ?eSS hiih'^^ to machines whose voltage is, in a direct 
current sen^se, high. The improvement depends upon an in¬ 
crease in the counter electromotive force of the brush contact 

by putting a number of these contacts in series with the coil 
that is about to leave the brush. 


If in the accompanjdng 
figure, b represents a com¬ 
mutator moving to the left 
and D represents the main 
brush connected to the line, 
and E and the brushes next 
to it represent brushes that 
are neither connected to the 
line nor to each other nor to 
, , , , . the main brush D, but all 

dead and merely lying adjacent to each other in such a relation 
that each brush has the width of a commutator bar, then a^ the 
coim'niitator moves to the left the last thread of current that 
IS about to be sheared off from entering the coil R, it will be 
seen has had to travel successively from the main brush D 
against approximately one volt counter electromotive force 
commutator bar under it, then back upward out 
oi the commutator bar against another one volt counter 
electromotive force into the first dead brush E, then down again 
through another counter 'electromotive force into the next 
commutator bar, then up again into the next dead brush, and 
so on, and in the case shown in the figure, assuming one volt 
counter electromotive force for each contact surface past, vill 
have ^encountered thirteen volts counter electromotive force-. 

It is this last thread of current that makes the spark, and 
while the number of dead brushes used in the figure is large, 
merely to illustrate the principle, it is astonishing what ex¬ 
cellent results are obtained with only two or even three dead 
brushes. 

With three dead brushes there are seven volts counter electro- 
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motive force, which gives results comparable to the best that 
interpoles can do. 

One dead brush alone increases the counter electromotive 
force at the heel of the main brush, from one volt to three volts, 
and roughly speaking extends to three times its former range, 
the powers of resistance commutation. 

The reason for calling the method of commutation I have here 
described, fractional commutation, is that it secures the reversal 
of the current in the coil step by step, a little at a time as the 
coil passes each dead brush. 

The fractional nature of the commutation can easily be seen 
by counting the number of threads of current running to each 
coil in the diagram. This illustrates quantitatively about how 
the current would actually change in the coil as it passed from a 
position on the extreme right of the figure to a position on the 
extreme left. 

The net results are: The total time a coil is subjected to the 
influence of commutation is increased. In other words, the 
coil has warning of what is going to be expected of it in a way 
it does not have when there is only a single brush. And the 
electromotive force available for compelling the turn over of 
the coil is increased many times over that a single brush is 
capable of developing. 

This system of fractional commutation does not seem appli¬ 
cable where currents are large and where commutator bars are 
wide, but with tendencies toward higher voltages with a cor¬ 
responding diminution of current, and toward increase in the 
number and fineness of commutator bars, we can afford to give 
more commutator space to the purposes of commutation than 
formerly. I believe there is a principle in this method, that 
with^some further development can be made extremely valuable 
and is well worthy of study. I have spent considerable time on 
it and conducted a great many experiments, with results, that 
while not yet commercial, indicate that the principle is sound. 
In certain cases fractional commutation of this kind would 
have many advantages over the magnetic commutation of inter¬ 
poles. 

H. F. T. Erben: The paper which has just been read is a 
clear exposition of the subject of commutation and general 
operation of synchronous converters with and without commu¬ 
tating poles. 

W hile I agree with the general conclusions arrived at in the 
paper I do not think the authors dwell at sufficient length on 
one of the broadest fields of usefulness for converters with 
commutating poles, namely, for those operating on interurban 
service and for high voltage converters wound for 1000 to 1500 
volts.. The machines I refer to are those in which the general 
characteristics of design are determined solely by commutating 
conditions at heavy overloads and not by any consideration of 
heating. It seems to me that the conclusions which the authors 
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of the paper have drawn regarding the advantages and disad- 

pally to units used in connLtio“S ^ 
terns in which the prime consideration of dfsi£t not co^ 
tion but heating, efficiency, and low maintenance SvnchrOTou^ 
converters installed in our large cities in connection with rXay 

hLaw^overio'adJ'^^ ^ constant duty and are not subject to 
^ overloads, the maximum as a rule not beino" p'reater than 

50 per cent overload and in consequence I aiee th?t for 
service mterpoles are unnecessary^ On the" other hand cor, 
verters used in connection with iffierurban service hav? a verv 
low load factor but are subject to very heavy overloads oossiblv 
two or three times normal and for such ser^kfl believe tS 
commutating poles are a necessity. ^ * 

_ During the past few years a number of 1200- and 1300-volt 

fiOO .rolt senerating apparatus has consisted of either two 

SSrwoundfofTlon’' s in series. Single generator 

units wound for 1200 volts with commutating poles have been 

in successful operation for the past two or three years aXt the 

S 1200 or eim 1 mn F,”*"; ‘K years we shall 

see or even 1500-volt single unit synchronous converters 

m operation on long interurban lines. I do not believe that anv 
de.signer would be willing to build a 1200- or 1.500-volt com 

ffi?moMero^''n""f"" commutating poles, as he is facel wZ 
the pioblem of producing a machine which is capable of with- 

standing momentarily overloads of two and three times normal 

ffiffic^i'lt sparking or flashing, which is a condition very 

poffi ?ype^ attainment on machines of the non-commutating 

T ™ connection with 

l-OU-volt, 25-cycle converters show that if the commutatine 

of properly proportioned, little is to be feared in the way 

of flashing within what one might consider the limits of daily 

service. We have repeatedly subjected a 750-kw. 1200-volt 

Sfeif^he load without any signs of flashing 

when the load was suddenly removed. In order to determine 

he damage if any, resulting from flashing caused by a dead 

to shoJSiu-rti'^'^® f Pf subjected the same converter 

nroduSd f ff low feet of cable. Although the flash 

t 3 tr??^^T K ^ we found that neither the commu¬ 

tator leads, brush-holders nor brushes were damaged to any 

appreciable extent. _ In fact, after the machine had been shS 

SITs^nd It was immediately brought up to normal 

load and overloads without appreciable sparking. 

authors have laid too much stress on the 
the various magnetomotive forces in connection with 

o ^ experiments made to obtain data on 

the flashing of various types of machines at time of short circuit 
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has shown that there is little to choose, as far as flashing goes, 
between direct-current machines of the non-commutating pole 
and commutating pole type. Of course, commutating poles or 
compensating windings will help to a certain extent but if the 
short circuit causes the armature current to rise to say ten or 
fifteen times normal, the machine will surely flash over. 

The authors call attention to the fact that when subjected to 
a dead short circuit a synchronous converter will behave differ¬ 
ently from a generator, due to the fact that the commutating 
pole of the generator will become highly saturated, whereas the 
commutating pole of the converter will not have reached 
saturation. If one considers that at the time of a short 
circuit on either a rotary or generator the current may rise to 
fifteen to twenty times normal, such an increase in magneto¬ 
motive force will be sufficient to over-saturate the commutating 
pole, although in the case of the converter the value of the mag¬ 
netomotive force will be less than on the generator. 

The authors have stated that an inductive shunt used in 
connection with a generator or rotary may be of considerable 
value in helping commutation at the time a heavy load is thrown 
on but it might be a detriment when the load is thrown suddenly 
off. I hardly agree with their conclusions, as it has been shown 
in actual practice that a properly proportioned inductive shunt 
will cause the flux in the commutating pole to instantly drop to 
zero, in fact the inductive shunt may be so proportioned as to 
actually reverse the direction of flux in the commutating pole 
at the instant the breaker is opened. If the flux in the com¬ 
mutating field can be instantly brought to zero or reversed as has 
been shown possible by oscillograph records, there will be little 
or no chance of the machine flashing over except of course, in 
case of what is practically a dead short circuit. 

C. P. Steinmetz: I agree with the conclusions in this paper in 
their general nature. They are that the commutating pole 
offers relatively little if any advantage in improving the design 
of the converter as at present built. There may be a slight 
advantage in 600-volt 25-cycle converters, which means that in 
1200-volt, 25-cycle converters there would be a greater ad¬ 
vantage and a still greater advantage in 2400-volt, 25-cycle 
converters; the former are with us now in operating 1200-volt 
railway service, and the others I believe will come at a not far 
distant future. 

The paper is very interesting in showing that in electrical 
engineering investigations the conclusion which we arrive at 
depends very largely on the view point regarding conditions of 
operation and application of the apparatus. That is, they de¬ 
pend on the premises on which the study is based. In this paper 
a converter is considered with the design constants propor¬ 
tioned as they are today in large converters operated on steady 
service in our big lighting systems, at 250 volts, and on our big 
metropolitan railway systems, of very steady loads; and in this 
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class of converters there is relatively little gain in the use of 
commutating poles. But let us take another view point, starting 
from different premises as regards the requirements of operation 
and see whether some different conclusions may not be derived. 
The overload capacity of the synchronous converter depends 
on the supply system, the heating limit, and the sparking limit. 
The supply system can be controlled by its design. If a converter 
in an interurban railway system has to stand overloads of 300 
or 400 per cent, it means that the feeder or the transmission line 
must be sufficient to give that load without a drop of voltage such 
as would disturb the machine. If the load is steady and uni¬ 
form the heating limit ^is a material limit. If the load is widely 
fluctuating with relatively low load factor, as in interurban 
railw^ay service, where the load rapidly fluctuates between al¬ 
most no-load and a load of short duration amounting to several 
hundred per cent overload, then the heating limit is eliminated, 
because the greatest length of time at which the converter may 
be overloaded is only the time that the train passes over that 
section, a few minutes, and during that interval the heating 
limit, even at three or four hundred per cent load, is not reached. 
That means that the only limit of overload capacity is the com¬ 
mutation limit. In the converter the armature reactions neu¬ 
tralize. Thus the sparking limit is determined by the self in¬ 
duction of commutation and this is controlled by the commu¬ 
tating poles. 

It will be seen in that class of service, which is quite common and 
constantly increasing, where the load is very fluctuating, the 
load factor very low, and where, therefore, the only limit of 
overload capacity is the commutation limit, the commutating 
pole offers us a very material advantage in the design of the 
synchronous converter, by making it possible to greatly increase 
the overload which the machine will carry. In other words, 
for the same kind of service, we can build a converter whose 
rated load is much smaller and thus much nearer the average 
load. That is to say, we very greatly increase the load factor 
of the machine as based on its rated load, and therefore its effi¬ 
ciency of operation, and the efficiency of operation of the station 
and of the entire system. 

When we come to an interurban rail'way system with in¬ 
frequent heavy service, this feature may be and often is the 
difference between success and failure of the system; the nature 
of the load is so fluctuating, of such a low load factor, that we can 
get efficiency of operation only by a machine which can carry 
for a short time enormous overloads. Hence, as the heating 
limit is absent, the commutating pole gives us a very material 
advantage by making a smaller and a lighter machine. It is 
not only this advantage of better load factor, but coincident 
therewith is the advantage gained in the lesser liability to hunt¬ 
ing, because the hunting of a synchronous machine is determined 
largely by its mechanical momentum, and if we can decrease the 
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momentum of the machine by making it smaller it means that 
we will have greatly improved its stability. 

As regards the danger of flashing due to unbalanced armature 
reaction, as illustrated in the paper, I will say that theoretically, 
the problem is there, but practically I do not believe it is material 
for the reason that I do not think that such unbalanced armature 
action can exist to any appreciable extent. If, as illustrated, 
the armature reaction should be unbalanced by a sudden heavy 
load thrown on the machine, without any corresponding or 
neutralizing alternating m.m.f., it means that the energy output 
will have to draw on the momentum of the converter by a de¬ 
crease of speed. But we know that the converter cannot decrease 
in speed because it is locked synchronously. So it cannot gain 
any energy from the mechanical momentum except that insig¬ 
nificant amount corresponding to the drop in position—not in 
speed from no-load position to the overload position, which, 
in a converter where the reaction is balanced, is extremely small. 
If we cannot draw on the mechanical momentum for energy, 
either the energy will not flow out and the machine will not take 
the load instantly, or it must at the same time flow in and then 
the reaction is balanced. The same thing happens again if you 
suddenly throw off the excessive overload. That means that 
the power input would accelerate the machine. But synchron¬ 
ism eliminates the chance of acceleration, so that we get'only the 
momentum ^of the speed which shifts the machine from the 
relative position corresponding to one load to that of another 
load; that is, a momentum which involves a fraction of a cycle. 
But even this effect eliminates itself, because if the machine 
shifts from one position to another position by dropping back or 
running ahead, then it does not only drop into the new position, 
but it runs beyond it before it stops. That means it over¬ 
reaches, and if there was an excess of the direct current it must 
be followed instantly by an excess of the alternating current 
and inversely, which reverses the former^s effect. 

Since the poles are solid iron, I do not see how you can get 
any appreciable effect in this direction, especially if the me- 
tihanical momentum of the machine is very small, due to its 
enormous overload capacity. So the momentum on which 
you can draw to give an output is very small. That possibly 
explains why converters designed with commutating poles even 
at very high voltages, 1200 or so, do not flash over under con¬ 
ditions of operation under an excess of overload, as it was 
expected theoretically that they would do. 

Jens Bache-Wiig : In the paper by Messrs. Lamme and New- 
b^y the probable effect of the interpoles in case of a sudden 
short circuit on the direct current side of the converter is brought 
out. ^It is reasonable to assume that the presence of the inter¬ 
poles in case of a short circuit will tend, if anything, to increase 
the injunous effect on account of the unbalanced ratio between 
the armature and interpole ampere-turns, as pointed out in 
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the paper. As is well-known, the effect of a short-circuit upon 
the converter often results in the voltage flashing over and in 

commutator and brush-holder parts are badly 

i^ed. The effect may be such that it is necessary to shut 
down the converter and clean it up before starting again. The 
large current flowing during the short-circuit will form an arc 
between the nearest points of different polarity and it will to a 
great extent depend upon the action of the alternating-current 
cmcuit breaker how bad the effect will be. Ordinarily, it is the 
dtemating-current circuit or the power behind the rotary which 
determm^_ the flow of short circuit current. Therefore, if this 

eliminated at the moment 
of the short-circuit, the effect of the latter upon the rotary would 
be greatly reduced and would be determined only by the in- 
herent characteristics of the _ rotary itself. The action of the 
rotary in case of a short circuit on the direct-current side would 
then be approximately the same as that of a direct-current -ven¬ 
erator of smilar size. The injurious effect in this case would be 
small, as brought out in the paper. 

It is customary to protect the converter on the alternating- 
current side by a circuit-breaker, having a maximum relay set 

which it is supposed to open the circuit 
and throw the converter off the line. Similarly, it is customary 
to have a maximum relay breaker on the direct-current side, 
in case now of a short-circuit on the direct-current side, a lar-ve 
momentary current will be drawn from the converter greatly 
exceeding the actual current required to open the direct-current 
breaker. As soon as the direct-current breaker lets go, this 
current which is rushmg through the rotary will suddenly be 
brought to a stop and it is this sudden change in the flow of cur- 

usually causes the flashing, in combination with 
me^tact that the direct-current breaker lets go before the alter¬ 
nating-current breaker. This now can be overcome by arranging 
lor^an electric interlock between the direct-current and alter¬ 
nating-current breaker in such a manner that the alternating- 
current breaker lets go at the moment the direct-current breaker 
drops out. This can be arranged for by a tripping coil on the 
alternating current breaker operated by the direct-current 
breaker. In this manner the danger of flashing due to short 
circuits on the^ line can be greatly reduced if not wholly elim¬ 
inated, This is of special importance in case of interpole con¬ 
verters. 


As to the effect of such an arrangement from an operating 
point of view, there^ should, in case of self-starting converters 
be no objection to it. It is true that the converter is alto- 
geth^ thrown off the circuit and may be thrown off oftener than 
would, doe the case if it was not arranged in this manner. How¬ 
ever^ if the attendance is present in case the breaker goes out, all 
he has to do is to throw it in again, and thus get it back in 
service at once. If he is not there, it is in most cases better 
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to have the rotary stay out of service than it is to take any 
chances on flashing and its possible evil effects. 

As regard the presence of the interpoles in case of hunting 
and their effect upon the operation of the rotary under such a 
condition, it may be said that while the interpoles may to an 
extent cause a less satisfactory operation than would be ob¬ 
tained without them, yet, with the present complete type of 
damper employed on many synchronous converters the liability 
of hunting in itself is practically eliminated. Barring the 
common causes for hunting which are excessive ohmic line 
drop and periodic impulses set up by the prime movers, as these 
can be guarded against in a w^ell-designed power circuit, there 
remains as a source of hunting the possibility of short circuits 
on the system or the switching in and out of large units, causing 
heavy surges in the power circuit. However, in case effective 
dampers are employed, the hunting caused by these surges as 
quickly damped out and the effect will be of such short duration 
that it should not be harmful to the rotary. In case of a dead 
short circuit, the rotary will of course kick itself out and will 
have to be started over again. It seems evident, therefore, 
that the highest grade of dampers should be employed wherever 
interpoles are used on the rotary converters. 

P. M. Lincoln: This term interpole has been somewhat 
loosely used. Interpoles in synchronous converters are used 
for more than one purpose. The kind discussed in this paper 
is used purely for commutation purposes. An interpole or split 
pole, has also been used for the purpose of varying the direct- 
current voltage, and I have noticed in some of the literature a 
confusion in the use of these two kinds of poles. In fact, in 
reading an abstract of an article in a foreign journal some time 
ago it was^ impossible for me to tell whether the author was 
discussing interpoles used for commutating purposes or inter¬ 
poles used for the purpose of changing the direct-current voltage. 

This paper is exceedingly clear in its presentation of the 
method by which the interpole works. The authors show very 
clearly that the inherent commutating characteristics of the 
rotary converter are very much better than they can possibly 
be in the case of the alternating-current generator. Any one 
can get this information for himself if he will endeavor to run a 
rotary converter as an alternating-current generator. Sparking 
at the commutator will begin at a point which will astonish the 
man who conducts the experiment unless he knows what to 
expect. One can take liberties with the commutation of a rotary 
converter for the reasons set forth in the paper, viz.^ because the 
armature reaction due to the direct-current flowing, is practi¬ 
cally all neutralized by the alternating-current. 

It is also shown in the paper that a commutating pole on the 
rotary converters is necessary only in extreme conditions. It 
is only when the speed or the output reaches a high value that 

it is necessary to resort to the commutating poles in the rotary 
converter. 



1910] 


DISCUSSION AT NEW YORK 


1663 


A point which might be mentioned, 

and tnat is that it conditions requiring commutating poles are 
approached in rotary converters it is impossible in such a con¬ 
dition to use the split-pole rotary converter because the latter 
does take considerable liberty with the commutating conditions 
J. L. Burnham: The authors of this paper state that there is a 
limit to speed and reduction in number of poles, which cannot be 
exceeded with economy. For instance, for 25-cycle 600-volt 
converters, it has been found that an output of about 150 kw 
per pole is the maximum that can be handled economicallv 
mtnout the use of interpoles where the usual specifications of 
oO per cent overload for two hours and 100 per cent overload 
raomentarily are to be fulfilled. This is on the assumption 
that commutation is to be good enough with ordinary carbon 
brushes for commutator and brushes to maintain good surfaces 
and require a small amount of attention. The output per pole 
raay exceed this value by the use of very high grade and expen¬ 
sive brushes and greater maintenance, which may not be justified 
by the decrease in cost of the machine. With greater output per 
pole, the pole pitch must be increased to take care of the in¬ 
crease in size of conductor, slightly, but to a greater extent to 
decrease the reactance voltage to a value which will not cause 
excessive sparking. The limit in reactance voltage is really the 
factor which prevents the use of a less number of poles, since 
w en we increase the pole arc to reduce the reactance factor in 
the slot portion, we increase the length of conductor outside of 
the slot portion, which adds to the reactance voltage and the 
gain in reduction of the total reactance voltage becomes less the 
longer the arc. In a 600-volt, 25-cycle machine, the reactance 
voltage generated in the conductor outside of the slot is about 
two-thirds of that generated in the conductor inside of the slot 
■ymen the output is 150 kw. per pole. If we attempt to increase 
the output, keeping the total reactance the same, the machine 
becomes very much larger than would be necessary with an 
econoniical proportioning of iron and copper. It is at this 
point that the introduction of commutating poles to increase the 
output per pole is of advantage. 

Messrs. Lamme and Newbury have given a number of reasons 
why interpoles on synchronous converters may not work out as 
well as on direct-current generators or motors. In all of these 
cases the reason hinges on the fact that the ampere turns neces¬ 
sary for the interpole of a synchronous converter are much less 
than required for direct-current generator and very much 
smaller in proportion to the armature reaction ampere turns 
of the converter armature. This naturally leads to the sugges¬ 
tion that the required ampere turns of inter pole winding" 
might be increased to advantage. Several months ago f 
conducted a number of tests, with various shapes of inter- 
poles and lengths of air-gap, on 25-cycle, 1200-volt synchronous 
converters and found that with a narrow inter pole face and 
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a very large gap, commutation comparable to that obtained 
with a compensated commutating pole generator could be 
secured. The load at which sparking would commence, with¬ 
out interpoles, was carefully determined. Interpoles were then 
fitted to the machine and adjusted so it would carry four times the 
load to cause the same sparking as without the interpoles. Four 
times full-load could be thrown on and off successfully but would 
always be accompanied by a slight spitting at the brushes. I 
attributed this to a shifting of the magnetic centres of the poles 
due to change in flux through the interpole and also to slight 
change in relative position of armature to poles, due to change 
in losses in the converter rather than to lag in change in com¬ 
mutating field. That is, the effect would be the same as pro¬ 
duced by pulsation when the armature swings out of phase far 
enough to cause sparking, or when the machine is badly syn¬ 
chronized and thrown on to the power circuit slightly out of 
phase and spits at brushes several times. 

Contrar}’ to the statement of this paper, that a shunt to the 
commutating winding having greater inductance than the wind¬ 
ing would be harmful, it was found in these tests that a shunt 
having about 50 per cent greater inductance than the winding 
of commutating pole gave the best results, particularly when 
the load was thrown off. The two circuits being in multiple, 
the higher inductance would reverse the current in the smaller, 
which reversed current would reduce the field flux more rapidly 
than would no current, as in the cases of equal inductance of 
field windings and shunt or with no shunt. 

The effect of pulsating resultant armature reaction under the 
interpoles will be reduced in proportion to the increase of re¬ 
luctance of the interpole magnetic circuit. Increasing the air- 
gap is the best means of increasing this reluctance since it 
introduces no effects of saturation. 

As might be expected, the addition of interpoles causes more 
sparking at the commutator when starting from the alternating- 
current end than would be obtained without the interpoles, 
due to the decreased magnetic reluctance of the induced field at 
the point of commutation. This can be greatly improved by 
the large air gap and narrow commutating pole face previously 
mentioned. 

Mr. Lincoln has pointed out the fact that commutating poles 
cannot be used with success on split pole converters. I would 
also like to add that this statement also applies to converters 
with direct-connected alternating-current boosters, but for 
somewhat different reasons. The synchronous booster when 
adding its voltage to the line is acting as a generator requiring 
corresponding motor action in the converter. When the 
booster is opposed to the alternating-current line voltage, it 
acts as a motor and drives the converter. This motor and 
generator action of the converter superimposed upon the con¬ 
verting action gives armature reactions the same as if the con- 
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verter were acting only as a motor or generator. As the motor 
and generator reactions are in opposite directions, the total 
variation for ordinary conditions might easily equal the total 
excitation of the^ winding on the commutating pole adjusted 
for converter action only. For example, an average value of 
the commutating pole ampere turns would be about 30 per cent 
of the armature reaction. An ordinary voltage regulation would 
require 15 per cent boost or buck, or in other words, a motor 
and generator action of 15 per cent of the output. This would 
give a variation in armature reaction of 30 per cent, which is 
equal to the total full-load excitation of the commutating pole 
winding. Several arrangements for varying the commutating 
pole excitation with variations in the amount of buck or boost, 
as well as with variations in load, have been worked out, but 
the}^ are at best rather complicated and undesirable. 

C. W. Stone: Dr. Steinmetz has said practically all that I 
wanted to say, but I am going to try to express it in a little dif¬ 
ferent way. There _is one clause in the paper which is not quite 
clear, possibly I misinterpret what the authors mean. However, 
I think it is w^ell to bring the point out more clearly. The authors 
say: 

Assuming the direct current in the winding as A, then the 
maximum value of the alternating current in any one phase of 
the alternating current end will be equal to f A or 0.667.’’ 

^ I think that the authors should have said the current in the 
direct current leads instead of the winding, otherwise, the value 
would be double that stated in the paper. 

I think the principal point in connection with the interpole 
and its ^ use on synchronous converters, is the point raised by 
Dr. Steinmetz, and that is, the greater capacity that can be ob¬ 
tained for momentary overloads. If, as Mr. Burnham pointed 
out in his remarks, the momentary overload on a machine 
without injurious sparking can be increased to four times as much 
on the machine without interpoles, it is possible to use small 
machines in interurban railway substations. In other words, 
we could, in many cases, put in 200-kw. machines where 400-kw. 
machines are now used, which would mean economy. 

The principal reason, I think, why this has not been done, has 
not been because the manufacturer did not want to do it, but 
because the operating engineers did not like to try the experi¬ 
ment. 

I hope that this paper will cause the operating people to try 
this experiment in some place, and I think that the result will 
astonish them, and it may result in a total revision in the prac¬ 
tice of synchronous converter substation design on interurban 
roads. 

The authors of the paper state that the principal application 
would appear to be in that of 25-cycle, 600-volt converters. 
This^, to my mind, is the smallest application. The broadest 
application would be that of high-voltage rotary converters. 
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and high frequency rotary converters, and also, as stated above, 
for rotary converters when installed on loads which are greatly 
fluctuating. 

It would seem to me that the conclusions which the authors 
reach relate more to the synchronous converter substations in¬ 
stalled on city loads rather than on loads such as are usually 
found in inter urban service. 

One point which Mr. Lincoln spoke about in his discussion is, 
that with synchronous converters the alternating-current circuit- 
breaker opens and thus limits the damage in case of a short 
circuit. This is, of course, true. With the ordinary direct- 
current generator, driven by some form of alternating-current 
motor, the action of the circuit-breaker is not so quick, that is, 
the alternating-current circuit-breaker does not open as quickly, 
and the flash-over which is the cause of the short circuit will 
cause greater damage than on the rotary converter. 

Mr. Lincoln speaks of the flashover as being caused by the 
suddp change in the current flow due to the circuit-breaker 
opening. I do not think this is usually the cause. My con¬ 
ception of the flash-over is that it is caused more by the sudden 
increase in current, which necessarily forms more or less gas at 
the point of contact of the brush and commutator. This gas is 
of low conducting value, and it is not only immediately beneath 
the brush but surrounding the brush, and on account of the low 
resistance of this gas a large arc is formed by the current passing 
through the gas, which creates more gas, and due to the fact 
that the commutator is revolving away from the brushes a part 
of this gas and the arc are carried over to the next brush holder 
and cause the flash-over. 

To sum up, I think the principal advantages in the use of the 
interpole on synchronous converters is the possibility of using 
small machines to do the same work that larger machines are 
used for; the possibility of building successful high voltage ma¬ 
chines, and the possibility of building high frequency machines 
of large capacit^^ 

1 *• meeting Professor Franklin pre¬ 

faced his rernarks by the statement that he found it difficult 
to divorce himself from the attitude of the teacher. I find 
myself in that same state of mind to-night. The first thought 
that came to me when reading this paper was that it would\e 
an excellent one for purposes of instruction. 

The greatest difficulty in teaching a subject of this kind is to 
bring about ^ a thorough understanding of the phenomena in¬ 
volved. This cannot be done for the average student by a 
mathematical analysis of the problem in hand; but, since a 
mathematical analysis is much easier to prepare than a clear 
verbal exposition, and since some algebraic formulation is 
generally necessary for purposes of computation, the average 
author feels that he has covered the ground if he adds a few 
words of explanation to his mathematical solution. There 
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results an abuse of formulae by those who do not understand 
their true^ inwardness and a general lack of appreciation of 
mathematical analysis on the part of others. 

It is therefore a great pleasure to read such an admirably clear 
verbal presentation as that which appears in the paper under 
discussion. It is sure to be a great help to students of this sub¬ 
ject. I congratulate the authors most heartily. 

I had hoped to present a simple algebraic analysis showing the 
quantitative relations between the kilowatts per pole of a svnchro- 
nous^ converter and some of its fundamental design constants, 
but it is not yet finished and in any case would better appear in 
print as a communication. 

B. G. Lamme : I will take up a little time in answering some 
of the points brought out in this evening’s discussion, but will 
not attempt to answer them in full. I also have a few addi¬ 
tional points which I would like to bring out, which were not 
included in the paper of the evening, because it would have 
made it of undue length. 

Reference has been made to the use of converters with very 
large overload capacities for interurban practice, and it was 
stated that for such a service interpoles would be advantageous. 
While not contending that interpoles would not be advantageous, 
I will call attention to the fact that for interurban service as now 
carried on, most of the converters furnished have been of 200 
to 500 kw. capacity. Such machines, as now built, have a rela¬ 
tively small capacity per pole and therefore their commutating 
conditions as regards overload, etc., can be very much better 
than in very large capacity converters with large outputs per 
pole. Consequently, a modern design of a 300-kw., 600-volt 
converter, for instance, should allow commutation up to three 
or four times full load without excessive sparking, and even 
much_ higher than this without flashing. I have seen such 
machines loaded until the limit was found in the current- 
carrying capacity of the brushes and not in the sparking. How¬ 
ever when machines of greater capacity are taken into account, 
with much larger outputs per pole, then with excessive overloads 
the advantages of interpoles will become much more pronounced. 

Reference has also been made this evening to the use of inter¬ 
pole converters on 1200- and 1500-volt circuits and it has been 
intimated that interpoles bring up the possibility of making 
2400-volt converters for 25 cycles, and also high-voltage, high- 
frequency converters, 1200 volts presumably being meant by 
this latter. Some reference was also made to the use of inter¬ 
poles for helping the commutation of high-voltage converters 
which, it was intimated, suffered somewhat in comparison with 
600-volt machines due to poorer proportioning of slots, etc., 
on account of the high-voltage winding. 

I have gone into this problem of high voltage direct current 
generators and converters to a very considerable extent and, 
according to my figures, I find that the real limit in such ma- 
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chines is not in the commutation as much as in the mechanical 
conditions, such as peripheral speed of the commutator, thick¬ 
ness of commutator bars, etc., and also in the permissible voltage 
between bars. To illustrate this, let us assume a 25-cycle, 
1500-volt converter. To begin with, the peripheral speed of the 
commutator, as mentioned in the paper, is equal to the alterna¬ 
tions per minute multiplied by the distance between adjacent 
neutral points on the commutator.. This is a general law and ap¬ 
plies in all cases regardless of frequency, number of poles or 
revolutions per minute. Let us assume, on our 25-cycle ma¬ 
chine, a commutator peripheral speed of 5,000 ft. per minute, 
which is pretty high. This gives a distance of 20 in. between 
adjacent neutral points and this is the maximum distance which 
can be obtained with this peripheral speed and frequency, re¬ 
gardless of the number of poles and revolutions per minute, or 
any other conditions. Assuming a thickness of a single com¬ 
mutator bar plus its mica as which every body will admit 

to be very thin, then the total number of bars which can be 
placed in this 20-in. space will be 107. With 2400 volts this 
gives about 22| volts per bar as the average. This is much 
higher than is considered good practice in 600 volt machines, 
and naturally one would not expect to do better with 2400 volts 
than with 600 volts. In fact, for the same margin of safety, 
as a whole, we should have somewhat better conditions with 
2400, or even 1200 volts, than is required with 600. However, 
with 107 commutator bars, which was given as possible, it may 
be practicable to operate at 15 volts per bar average, which 
will give, roughly, a 1600-volt machine as a possibility on 25 
cycles. It should be remembered, however, that this is on the 
assumption of 5,000 ft. per minute speed of the commutator and 
% in. thickness of commutator bar plus mica. Any reduction 
in the peripheral speed, or increase in the thickness of the bar, 
will at once lead to a smaller number of bars with a correspond¬ 
ingly higher voltage between bars. As an example of the 
approximate limit to the average voltage per bar, the company 
which I represent has in the past, furnished a large number of 
converters for 600 volts with 36 commutator bars per pole, 
giving 16| volts per bar average. From long experience, this 
appears to be rather close to the limit and on later designs 
of 600 volt machines this voltage per bar has been reduced about 
20 per cent. 

Next, considering a high-frequency, high-voltage converter, 
and again, assuming 5,000 ft. commutator peripheral speed for a 
60-cycle machine, then the distance between adjacent neutral 
points on the commutator becomes 8.4 in. With in. of bar 
plus mica, this gives 45 bars as the maximum number. For 
1200 volts this means almost 27 volts per bar average, which I 
would consider as entirely too high for low-voltage machines. 
It should be noted that in neither of these cases has the question 
of interpoles been brought in, and the use of iiiterpoles cannot 
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in any way affect these conditions. The use of two windings 
and commutators in series on the same armature might be con¬ 
sidered, but the arrangement is awkward and complicated. 

As to the commutation of a high-voltage machine being 
inferior to a low voltage, this would not necessarily be true. 
On the contrary, the commutation should be better in some 
instances. Assume, for example, that the commutator has a 
certain number of commutator bars for 600 volts with one arma¬ 
ture turn per bar. If the number of commutator bars is doubled 
for the 1200 volts, then the number of armature turns per com¬ 
mutator bar would remain the same. If the same number 
of poles were used at 1200 volts as at 600, then the current per 
conductor would be halved and the commutating conditions 
would be about twice as good as on the 600 volt machine. How¬ 
ever, in practice this result will not always be obtained, for the 
number of poles may be reduced somewhat in the high voltage 
machines, except in the smaller capacities, such as 300 to 500 kw. 
where a small number of poles is already used for 600 volts. 
However, taking everything into account it would appear that 
in general the commutating characteristics of 1200-volt ma¬ 
chines of the usual capacities ought to be as good as, or better 
than, those of 600 volts regardless of the question of interpoles. 

The statement was made this evening, that it was found in 
general that 150-kw. per pole was about the limit of output which 
would be obtained with ordinary non-interpole converters. 
This figure agrees fairly well with those given in our paper, but 
attention should also be called to the fact that this rating per 
pole is also approaching close to the limit of cost, that is, when 
the output per pole goes much above this a larger number of 
poles can be used with practically the same cost per machine. 

The point has been brought out this evening that the real 
field for the interpole commutator is where the loads are very 
intermittent and where the peaks are very high and of com¬ 
paratively short duration, such as in certain classes of railway 
service, etc. In general I agree that it is wrong to put in a larger 
machine to do a certain service, simply to obtain momentary 
overload capacity. If a 200-kw. machine, for instance, can 
handle a certain average service, while a 400-kw. machine is 
installed simply to take the swings or peaks, then if the smaller 
machines can be made to take these swings by the use of inter¬ 
poles, and cannot be made to do it without the interpoles, the 
interpoles will certainly represent an improvement in such cases. 
On the other hand, it must be borne in mind that in small units, 
such as from 200 to 400 kw., the machines would be made 
normally with four poles and, such being the case, then with well 
proportioned windings the commutating characteristics of a 
200-kw. machine can be made considerably better than those of a 
400-kw. relative to its normal rating; that is, the 200-kw. ma¬ 
chine could be made to commutate almost as much total over¬ 
load as the 40P, while its average losses are considerably lower. 
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Such a 200-kw. machine could possibty be made of a somewhat 
cheaper construction, if its inherent commutating characteristics 
were sacrificed somewhat and then again improved by the use of 
interpoles. However, part of the gain from the reduction in the 
size of the machine is lost in the addition of interpoles. On the 
whole, however, such a machine with interpoles may be some¬ 
what more suitable for very intermittent service than the equiva¬ 
lent non-interpole machine. But, when it comes to large 
capacity units for very intermittent service, then the use of^a 
smaller rating machine, corresponding to the average load, would 
natural!}?^ tend toward the choice of a higher speed when such 
is possible, and the conditions result in those mentioned in the 
paper as being advantageous for interpoles. For instance, if a 
1500~kw. machine is required for very intermittent service, in 
which the average load is 750 kw., then we might take a machine 
with a smaller number of poles than required for the 1500-kw. 
rating. With this smaller number of poles and higher speed 
the extreme limit of commutation would naturally be lower than 
on the 1500-kw. slower speed size, and therefore by the addition 
of interpoles the commutating limit may be raised so that this 
smaller machine would handle the same peak service as the 
larger machine. In such a machine the real limit is not in the 
mechanical conditions, such as the commutator construction 
but in the commutating characteristics, and therefore it could 
advantageously be made of the interpole type consistently with 
the conclusions drawn in the paper. 

In the discussion this evening, the assertion has been made 
several times that the interpole type of converters will not flash 
anv more readily on short circuit than the non-interpole type. 
•In reply to this I will say that this is a very difficult question 
to determine dehnhely in commercial service, as it is difficult 
to find exactly comparable conditions. Reports which I have 
received from time to time in regard to 600-volt interpole con¬ 
verters in actual service are to the effect that the operators of 
the machines considered them somewhat more sensitive on short 
circuit than the non-interpole type, although under normal opera- 

overloads, the comparison is 
hPW'if L interpole type. However, as stated 

e^act comparison, for two dif- 

aWs designs, will not 

^ wa>s operate exactly alike. It seems to me in regard to this 

v Xf .hnrf the short circuits. 

cauS tro^hl^c: railway systems are liable to 

® ^ther than m the converters themselves and every 
endeavor shotdd be made to reduce the short circuits to a 

?SuS?^hen^n^^‘ circuits can be made infrequent 

the mteVrSp there may be between 

woul? he nf non-interpole type as regards flashing 

T^ould be of no moment. It should be noted also, that such 
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considered as extremely rare. 

Some question has been raised this eveniro- rer^rr 
statements in the paper that in case of sudden oterlo^do^ 
circuit the altematine-currenf cind 

motive forces will not balance each othe/andTw”tt 
will operate inomentarily as a direct-current ^nerSr'^Jhra 
correspondingly high armature reaction. The Ss4 51ho 
criticism is that the converter beino- a <;vnr■v„-r^.nr,^^ ^ ® 

that occutriM Sthift b’' f- period, nameh-; 

step. For such a small tl^aS in 

Srectlcument SratoT ^ 

the co^tSter f-mfturebn stored energy in 

tne converter armature to give up much energ^• as a direct-cur¬ 
rent generator without falling out of step. 

At first thought, such an argument seemed reasonable, but 
one answ^er to it is found in the operation of a svnchronous con- 
■yerter on a single phase circuit. In such operation the enervv 

7 tffli 1, * 1 7 y J * , ^ ^Is to zero iivice m each 

cyde, wMe the direct-current output remams praciically constant 

The alternating-current input must therefore vary from zero 
to tar above the direct-current output of the machine. The 
converter must therefore act as a direct-current generator, for a 
bnef penod, twice during each cycle. When it is considered 
that such a converter can operate with more or less sparking up 
to three or four times full-load current, or even much more 
depending upon the design of the machine, it is obvious that the 
converter can deliver very heavy outputs momentarilv as a 
direct-current machine without falling out of step. 

Also, a little calculation will show that with an ordinary desio"!! 
of synchronous converter the stored energy in the armature is 
such that, in dropping back as much as 45 electrical degrees in 
position, the armature could give up an enormous energy com¬ 
pared. with its normal rated capacity. If it vrere not for this it 
would not be possible to run the machine on heavy load on a 
single phase circuit. 


_ That is all I will say in regard to the points brought up in the 
discussion. However, there are several points I want to bring 
out in connection with the paper itself. In the first part of the 
paper it is stated that the ampere turns on the interpoles of a 
direct-current generator are always greater than the ampere 
turns of the armature winding. This statement is not correct in 
all cases but in those arrangements which depart from this rule, 
direct-current generators and converters would be affected in 
the same w^ay so that for comparative purposes the statement 
'in the paper may be considered as correct. 

When there are as many interpoles as there are main poles it is 
correct to say that the ampere turns on the interpoles should 
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always be greater than on the armature. However^ in some 
cases', especially on small machines, the number of interpoles on 
direct current machines is made only half as great as the number 
of main poles. There are several advantages in this arrange¬ 
ment and they apply equally well to generators and synchronous 
converters. Obviously where only half as many interpoles are 
used the commutating flux or field of each interpole must be at 
least twice as strong as when the full number of interpoles is used, 
as the opposing e.m.f. set up by the interpoles must be sufficient 
to overcome the e.m.f. of self-induction, regardless of the number 
of interpoles. This opposing e.m.f. need not be distributed 
over the whole armature coil, but could be located over either 
side of the commutated coils or even along a short portion of 
its Idngth. It is only necessary that this opposing e.m.f. slioidd 
have the proper value, while the distribution of it seems to be of 
relatively less importance. It should be understood, however, 
that the use of half the interpoles is permissible only with drum- 
wound armature windings, where each armature coil spans 
approximately one pole pitch. Ring-wound armatures require 
the full number of interpoles. 

Experience shows that when but half the number of interpoles 
is used the demagnetizing amipere turns, or those which directly 
oppose the armature magnetomotive force, should have about 
the same value per inter pole as when the full number is used. 
However, the effective ampere turns which set up the commu¬ 
tating flux must be doubled in value, as just stated. Therefore 
the total ampere turns per interpole would be greater than wben 
the fuU number of interpoles is used, but the total number of 
ampere tiuiis on all the interpoles is much less than with the 
full number of interpoles. In consequence, there is a very con¬ 
siderable savmg in the amount of copper required. 

On account of the increased number of ampere turns per 
interpole when half the number of poles is used, the interpole 
leakage will be increased in proportion. This is particularly 
objectionable on large uiachines where the design of the inter¬ 
pole becomes difficult on account of magnetic leakage. There¬ 
fore this arrangement is usually confined to small machines . 

A very considerable advantage in this arrangement is that 
the ventilating conditions are improved due to the fact that the 
interpoles and main poles do not so completely enclose the arma¬ 
ture, for, with alternate interpoles omitted, the circulation of air 
between the^ armature and the field poles can be materially im¬ 
proved. 

With interpole converters, with their smaller ampere turns 
per interpole, the omission of alternate interpoles will not have 
as much influence on the general design as in the case of direct- 
current generators. As the interpole ampere turns are only 
about 35 per cent as great as on a direct-current machine, and 
as about half is useful and half demagnetizing, it is evident that 
the useful component would readily be doubled, thus doubling 
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the useful flux, while the total leakage would still be far less on a 
direct-curi ent machine. Therefore the smaller number of inter¬ 
poles IS rnuch better adapted to the synchronous converter than 
to the direct-current generator. 

In the converter the use of the small number of interpoles 
also possesses a^ further advantage. In the case of a short cir¬ 
cuit, and assuming a riegative field to be set up by the armature 
reaction, as described in the paper, the use of half the number of 
mterpoles would cut this reverse field to half value. In conse¬ 
quence, flashing tendency would be proportionately re¬ 
duced. Half the neutral spaces being without interpoles, and 
ohe other half having interpoles, it is evident that such an 
arrangement should be practically midway between a non-inter- 

pole. and a full interpole converter as regards any flashing 
tendencies. ^ 

It is also evident that with half the number of interpoles the 
ventilating conditions will be improved just as on the direct- 
current generator. 

The lower leakage in the interpoles of the converter allow’s 
another material difference between the design of the converter 
interpoles and those of the direct-current generator. In Sary 
direct-current generators, especially those of large capacity, 
the mterpoles, as a rule, are made almost the full width of the 
armatuie core, principally in .order to maintain a lower satura¬ 
tion of the interpole core. As the width of the interpoles is 

leakage flux varies practically in proportion to the 
wmth, but the total useful flux remains practically constant. 

I herefore, with wider interpoles the flux density due to the com¬ 
bined leakage and useful fluxes will be lower than if a narrow'er 
pole were used, and the saturation will be correspondingly re¬ 
duced. In the interpole converter, however, the leakage flux 
being so much lower than in a direct-current generator, it is 
evident that the useful flux could be correspondingly increased 
while maintaining no higher saturation than on a direct-current 
machine. This, therefore, permits a much narrower interpole 
on the converter than on a direct-current machine. As the 
interpole becomes narrower than the armature the reverse 
field^ which may be set up on short circuit also should be pro¬ 
portionately reduced, so that with interpoles of practically 
half the,width of the armature, the conditions should be practi¬ 
cally equivalent to those where half the number of poles is used, 
as far as flashing conditions are concerned. The use of narrow 
interpoles should also allow better ventilation than when the 
full width is used. Narrower interpoles, of course, allow con¬ 
siderably less copper for the same total number of ampere turns. 
However, unless the interpoles can be made less than half the 
width of the armature, the amount of copper required for this 
arrangement would be still greater than would be required with 

only half the number of interpoles, each of full width of the 
armature. 



1674 


5 YNCHRONO US CON VERTERS 


[Nov. 11 


There are many other points in connection with the use of 
interpoles on converters which were not mentioned in this 
paper. I will describe briefly a few interesting features which 
are encountered in the design of such machines, but which, are 
not found in direct-current machines. 

One of these concerns the application of dampers to interpole 
converters. It is found that the usual distributed cage type of 
damper supplied with self-starting converters is not directly 
applicable to the interpole converter. Dampers are supplied 
to synchronous converters for two purposes, namely, to prevent 
hunting and to obtain good self-starting conditions. To prevent 
hunting the damper should be thoroughly distributed through 
and around the pole face in the form of numerous low resistance 
bars or rods which are joined together at each end by low re¬ 
sistance connectors. There may or may not be any connection 
between the dampers on adjacent poles. In practice, with well 
proportioned dampers, such connection between the poles may 
be of some benefit, but this is difficult to determine as far as 
hunting is concerned. Those conductors embedded in the pole 
and immediately surrounding it appear to give all the damping 
action which is necessary if the damper is w^ell proportioned. 

However, when it comes to self-starting converters, that is, 
those which are started and brought up to speed by direct 
application of alternating-current to the collector rings, it is 
claimed by some designers that the interconnection between 
the adjacent dampers is of benefit at the moment of starting, 
by reducing the tendency toward dead points or points of very 
low starting torque. When started in this manner the armature 
of the converter becomes the primary of an induction motor, 
while the cage damper in the field poles becomes the equivalent 
of a cage winding on the secondary of an induction motor. It 
is claimed that the interconnection between the dampers to 
form a complete cage allows better polyphase action in the 
secondary winding. Any beneficial result of this should show 
in more uniform torque at start, but not to any pronounced 
extent in the apparent input required to start the converter 
and bring it up to speed. 

When hunting occurs the magnetic field in the main poles is 
altematel} shifted or crowded toward one pole edge or the other 
and the parts of the damper embedded in and immediately 
surrounding the pole face are particularly effective in preventirig 
such shifting. ^ Also, the lower the resistance and the better 
distributed this damper, the more effective it appears to be in 
general as regards damping. 

On the other hand, for self starting, the damper, acting as a 
cage secondary of an induction motor, will have the character¬ 
istics of such secondary and therefore for best and most uniform 
starting torque conditions, a relatively high resistance is de¬ 
sirable and a continuous cage is usually preferred. In conse¬ 
quence, the two conditions of best damping and best startinn: 
are, to a certain extent, opposed to each other. 
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In the use of a continuous cage damper is found a difficulty 
in the application of interpoles to the synchronous converter. 
If adjacent dampers are connected together, as shown in Fig. 1 
then the interpole between the two main poles is actually sur¬ 
rounded by the low resistance damper circuit, a condition which 
is very objectionable, as explained in the paper. Conse¬ 
quently, the usual arrangement of the cage damper for 
self starting is not advisable on an interpole con¬ 
verter wffiich is subject to sudden fluctuations in load. In 
other w^ords, the continuous cage damper should not be used, 
or its design should be modified very considerably, in the case of 
self-starting converters, which are subject to considerable 
fluctuations in load in service. If the continuous cage construc¬ 
tion is desired, the individual dampers might be connected 
together by high resistance connectors. 

A second interesting point in the design of interpole converters, 
but not found in direct-current generators, comes up in connec¬ 
tion with the copper loss in the tap coils, that is, those armature 
coils which are tapped directly to the collector rings. As is well 
known to those familiar with synchronous converter design, 

the copper loss in the tap coils 
of a rotary is relatively high 
compared with the average loss 
in all the coils, the loss per coil 
falling off to a minimum value 
between the taps. The real 
limit in carrying capacity of the 
armature is fixed by the heating 
Pig. 1 of the tap coils and not by the 

armature copper as a whole. 
It is possible to overload an armature so that the tap coils will 
roast out while the remaining coils will show very much less 
signs of heating. The heating in these tap coils also increases 
rapidly as the power-factor of the alternating-current input is de¬ 
creased, the output remaining constant. Therefore by reducing the 
power-factor of a converter while keeping the direct-current 
output constant it is possible to roast out the tap coils. The 
true limit of heating in a converter armature therefore is found 
in these coils. Herein is found a difference bewteen the inter¬ 
pole and the usual non-interpole converter. In the non-inter- 
pole type, as usually constructed, the armature coils are of the 
fractional pitch or “ chorded ’’ type in which the throw 
or span ’’ of a coil is one or more slots less than the pole pitch. 
The primary object of this is to improve commutation. In the 
ordinary direct-current winding there are two coils in each slot, 
one above the other. With a full pitch winding, when the 
upper coil is being commutated or reversed the lower coil in 
the same slot is also being reversed so that the e.m.f. of self- 
and mutual-induction of the .commutated coils is due to the 
reversal of the local field of both upper and lower commutated 
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coils in the slot. With a fractional pitch winding, the upper 
coil which is being commutated lies in a different slot from the 
lower one which is being commutated at the same instant. 

This same arrangement of fractional pitch winding puts the 
upper tap coil in a different slot from the lower one so that the 
maximum heating does not occur in the upper and lower coils 
in the same slot, as would be the case if a full pitch winding were 
used. Therefore, with a fractional pitch winding the heating 
is somewhat better distributed than in the full pitch winding. 
However, with interpoles, a full pitch winding would naturally 
be used, as a fractional pitch winding would mean a relatively 
wide interpole with a corresponding increase in distance between 
the main poles. Therefore with the full pitch winding used with 
interpoie converters the heating due to the tap coils will be more 
concentrated than in the non-interpole t^^pe. In other words, 
the machine will have less maximum capacity unless more copper 
is used in the armature coils, or an inferior type of interpole 
construction is used in order to allow a fractional pitch winding. 
This looks like a minor point, but when it is borne in mind that 
in modern converter designs the starting point in the design of 
the armature winding is the permissible copper loss in the tap 
coils, and not the armature copper loss as a whole, the import¬ 
ance of this point ma^^ be seen. 

A third point, not mentioned in the paper but which concerns 
design as well as operation, is found in self-starting converters. 
In such machines the alternating current is applied directly to* 
the_ alternating-current end of the converter and a rotating mag¬ 
netic field is set up, just as in the primary of an induction motor. 
This field travels around the armature at a speed corresponding 
to the frequency of the supply circuit and the number of field 
poles and all the armature coils in turn are cut by this traveling 
field. Those coils which are short circuited at the commutator 
by the brushes form closed secondary circuits and secondary 
currents are set up by the alternating field just as in commu¬ 
tating type alternating-current motors at start. As soon as the 
converter gets in motion the short circuit is transferred from coil 
to coil but the short circuit current must be broken as each coil 
passes out from under the brushes and this results in more or 
less sparking, depending on the size and general proportions of 
the machine. It is a question to what extent this sparking is 
dependent upon the normal commutating characteristics of 
the armature wm^ng. Other things being equal, presumably 
the better these charactcnstics the less should be the sparking 
and bmmng at the brushes when the converter is self started 
from the alternating-current end. On this basis then, a con- 
verter annatme^designed with poor commutating characteristics 
and m which the commutation at synchronous speed is ac- 
comphshed by interpoles, should spark considerably more when 

a converter which has inherently very much ' 
better commutating characteristics. The presence of com- 
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mutating poles should in no way help commutation at start as 
there is no current in the interpole winding. However, as con¬ 
verters are started very infrequently, such increased sparking 
at start would probably do but little real injury. This is simply 
mentioned as one of the points in which the designer is concerned. 

Some reference has been made this evening to the split pole 
converter in connection with interpoles. Some distinction 
should be made between the true interpole or commutating pole 
arrangement referred to in this paper and what is sometimes 
referred to as the interpole in the so-called “ split-pole ” con¬ 
verter. In the split pole converter, as usually built, there is a 
series of wide poles alternating with narrow poles, the field 
construction therefore resembling somewhat the ordinary inter¬ 
pole machine. In the split pole converter, however, the small 
pole is used primarily for the purpose of obtaining variations 
in the direct current voltage and not for the purpose of ob¬ 
taining a true commutating field. The winding on this small 
pole on the split pole machine is usually in' shunt with the 
armature instead of in series, and its circuit is so arranged that 
the polarity can be varied from maximum down to zero and to 
maximum in the opposite direction regardless of the armature 
current carried. In certain combinations this arrangement 
can be made to have the effect of commutating poles, but under 
other conditions it may have just the opposite effect. 

The small pole is usually placed close to one of the main* 
poles, thus allowing a fairly wide interpolar space between itself 
and one of the adjacent large poles and a very narrow space to 
the other large pole. Commutation occurs usually in the wider 
interpolar space and not under the small pole itself as is the case 
in the true interpole machine. The direct-current e.m.f. is 
generated by the resultant field due to one large pole and the 
small pole which is closest to it. When these two have the 
same polarity the direct-current e.m.f. is highest and when they 
are of opposite polarity it is lowest. However, the alternating- 
current e.m.f. is due to the flux of two adjacent poles, a large 
and a small one, of like polarity. It is evident therefore that 
the maximum alternating-current e.m.f. will coincide in position 
with the direct-current only at the highest direct-current e.m.f.; 
that is, when both fluxes included in one direct-current circuit 
are of the same polarity. At lowest direct-current e.m.f. when 
one direct-current circuit includes two fluxes of opposite polarity, 
it is obvious that the maximum alternating-current e.m.f. 
must be shifted circumferentially with respect to the direct- 
current. The alternating-current magnetomotive force will 
also be shifted in like manner with respect to the direct-current 
and the resultant of the two will vary both in height and position 
with variations in the strength and direction of the flux of the 
small pole. 

At highest direct-current e.m.f. a coil which is being com¬ 
mutated lies midway between poles of opposite polarity and the 
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conditions resemble those in an ordinary converter as regards 
commutation. At the lowest direct-current e.m.f. the commu¬ 
tated coil lies midway between two poles of like polarity and 
there will be a field flux in the interpolar space in which the 
armature coil must commutate. The direction of this field 
may be such that it will assist in commutation; that is, it will 
tend to oA^ercome the higher magnetomotive force of the arma¬ 
ture currents resulting from the alternating-current and direct- 
current magnetomotive forces being shifted with respect to 
each other, as just mentioned. Therefore this interpolar field 
flux may act in a very beneficial manner under certain condi¬ 
tions. HoweA^er, if this flux is in the right direction for assisting 
commutation Avhen transforming from alternating-current to 
direct-current, it will eAudently be in the wrong direction AA^hen 
operating from direct-current to alternating-current. Also, 
this field flux in the interpolar space will vary with any variations 
in the strength of the small pole; that is, with any change in the 
direct-cuiTent voltage, although the currents in the armature 
may be unchanged. Also, this interpolar field may remain of 
constant strength, while wide changes may occur in the armature 
currents, and thus in their resultant magnetomotive forces. It 
is obAdous therefore that this interpolar flux can be equivalent 
to a true interpole of proper strength and polarity, only under a 
very limited range of operation. 

In conclusion I may say that, as brought out in the paper, 
the real field for interpoles in S3mchronous converters is found 
in connection AAuth higher speeds and large outputs per pole. 

I am an adA ocate of the highest speeds which the public Avill 
stand, up to the point where no further real gain in cost and 
performance is obtained. If this highest speed in converters 
IS such that interpoles are of material benefit, then in such, ma¬ 
chines we may look forward to the use of interpoles. However 
for the relatively low speeds represented by much of our present 
practice the use of interpoles can be considered as only a rela- 
tmely small improA^ement, concerning which there mav be 
honest differences of opinion regarding the commercial value. 
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TESTING STEAM TURBINES AND STEAM TURBO¬ 
GENERATORS 


BY E. D. DICiCINSON AND L. T. ROBINSON 


Of late years an increasing amount of consideration is being 
givon to tlie economic production of power, and as the cost of 
coal in a steam power station is the largest item of expense, it 
naturally follows that the efficiency of the apparatus for gen¬ 
erating power should be high. In order to determine these 
efficiencies, certain accurate measurements, or tests, are neces¬ 
sary, and it is the intention to outline what precautions must be 
taken, in order that the results may not be misleading, and also 
to consider the relative degrees of accuracy of different methods. 

The term efficiency is a fruitful source of misunderstanding. 
The only meaning which is of any commercial significance to the 
operating engineer is that which gives the ratio between the 
energy in the form he desires, to the energy available in the fuel. 
In other words, what he wants to know is, how much is he getting 
out for what he puts in. 

There is one point that must at all times be kept in mind 
and that is, that all tests, even when accurate, are at best but an 
indication of what may be expected in the over-all economy of 
the station. A specific example of this is a certain European 
power house, which contained several engines of the best makes. 
When steam turbines were installed, the coal consumption was 
decreased about 20 per cent, though the test efficiency of the 
turbines ^owed no such marked superiority over that of the 
engines. 

In the manufacturing of steam turbines a great amount of 
testing is necessary, to determine the effect of making changes 
in design or to verify theories and formulas which cannot be 
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established by calculation; much of this is of an experimental 
or laboratory nature. There is also a large amount of testing 
done, in order to establish the over-all economy of the complete 
unit. This latter is all that is of commercial value to those 
operating steam turbines. The actual efficiency of the turbine 
alone, is of some interest, but can only be determined by measur¬ 
ing the power delivered by the shaft to some form of brake, or 
to a generator of known efficiency. Any testing by allowing for 
the different losses, by the methods often employed for elec¬ 
trical apparatus is impractical and should not be considered. 

In this paper it is not the intention to elaborate all the numer¬ 
ous details which must be carefully taken care of when tests are 
being made. Many points of importance are only touched upon. 
Every test must be given special consideration, and the necessary 
precautions to be taken will depend on local conditions. 

Measurement of the Steam Input 

Weighmg Condensed Steam, The one positive method of 
testing a turbo-generator is to measure the steam that goes in 
through the throttle valve, and the electric energy delivered at 
the terminals of the generator. The best method of determin¬ 
ing how much steam enters the turbine is to collect and weigh 
all the steam after it has been condensed. This necessitates 
the use of a condenser of the surface type. In making sucli a 
test two things are essential: First that all the steam used on the 
turbine be condensed and measured; and second, that no steam 
or water, not used in the turbine, be allowed to enter the con¬ 
denser. Should the condenser not be perfectly tight, some of the 
cooling water will be drawn into the condenser, and mixed with 
the condensed steam; this is a common source of error. The 
condenser should have leakage checked, before and after each 
test. With all steam turned off the turbine the condenser should 
be run for some time with full vacuum, and the discharge from 
the hot well pump very accurately measured. 

Split condenser tubes w’’ill sometimes cause leakage which is 
extremely difficult to locate, and cannot always be determiii©d 
by measuring the leakage. This is the case when the split 
opens up only when the condenser is heated with large 
flows of steam. This action will generally give erratic results, 
and no tests should be considered that do not show consistency 
with other tests on the same machine. 

Measuring Condensed Steam, The most accurate method 
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of measuring the condensed steam is by the use of tanks, so 
arranged that all the water can be weighed at equal time in¬ 
tervals during the test. The pump, piping and tanks must be 
free from leaks, and the condenser and pumps must be so ar- 
ranged that the water will continuously flow to the pump, this 
IS essential in order to get accurate results. 

Weighing Water Fed to Boilers. This method is quite fre¬ 
quently resorted to when the condensed steam cannot be mea¬ 
sured, as is the case when the turbine is operating non-con¬ 
densing, or when the condenser is of the jet type, in which the 
cooling water is mixed with condensed steam. In making such 
tests, the liability to error is very great, and every precaution 
must be taken in order that the results may be considered re¬ 
liable within any degree of accuracy. 


The steam piping connecting the boilers and turbine must be 
disconnected from all other piping, and all openings must be 
blanked off, valves must not be relied on. All blow off and drain 
valves must have their outlets visible. All piping between 
boiler feed-pumps and boilers must be exposed, and have no 
branches.' * Leakage of the boiler itself is the most difficult to 


locate, as all water or steam escaping is vaporized and carried 
up the' stack. The boiler leakage should be checked before and 
after each test by closing the throttle to the turbine, or if neces¬ 
sary blanking the pipes at the turbine and running a test mea¬ 
suring the amount of water required with full steam pressure on 
boilers and piping. The feed water used should be weighed, and 
not measured by meters. 

Tests which have come under our observation have shown 
boiler leakage of 10 and 12 per cent of the water weighed into 
the boilers, and one particular case showed a leakage of over 
20 per cent. 

Test by Heat Balance. This method of testing is based on mea¬ 
suring the amount of heat transferred to the cooling water from 
the condensed steam. It is extremely inaccurate and unreliable, 
and at best can give but an approximate idea of the quantity 
of steam being condensed. The quantity and temperature of 
cooling water and the temperature of the outgoing water, carry¬ 
ing with it the condensed steam, are measured as accurately as 
possible. The reason for inaccuracies is the difficulty of measur¬ 
ing the quantity of cooling water and its true average tempera¬ 
ture change. The temperature of the cooling water may vary 
at different sides of the pipe, and small discrepancies in the 
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reading will show large variations in the estimated steam con¬ 
sumption of the turbine, since the temperature rise is small. 

Duration of Tests. In order to establish accurately any given 
point, all tests should be run with fixed conditions after a state 
of equilibrium is established and things are constant for an 
appreciable length of time. The time required will depend on 
the nature of the test being made. In general, when small 
amounts are being measured, the duration of the tests should be 
somewhat greater, for example, when measuring the condenser 
leakage, this test should be run for a sufficiently long period 
in order that the small quantity of water which will come 
through may be accurately weighed. 

Efficiencies. The net over-all efficiency expressed by the 
ratio between the kilowatt hours output of the generator, and 
the available energy in the steam, is the only one of any par¬ 
ticular commercial value. The comparison of efficiencies of 
different machines is the most satisfactory way of considering 
their relative merits. To determine the available energy in one 
pound of steam it is necessary to know the pressure in pounds 
per square inch, the quality and the temperature of the entering 
steam; also the pressure at the turbine exhaust. To measure 
the exhaust pressure, or vacuum, a gauge should not be relied 
on. The most accurate means is to use a full length mercury 
gauge, and subtract the readings given by this, from the at¬ 
mospheric pressure at the time the test is made. If the steam 
be superheated, since there is some difference of opinion con¬ 
cerning the specific heat of superheated steam, the figure as¬ 
sumed must be given. 

In testing turbines consisting of several stages, the pressures 
in the different stages should be measured, this affords a check, 
and should show any abnormal conditions existing in the interior, 
which might not otherwise be observed. 

The kilowatt output should be net, that is, the kilowatts for 
excitation should be subtracted from the generator output. 

Checking Instruments. All instruments, including meters, 
gauges, thermometers, and scales must be very accurately cali¬ 
brated or checked before and after the test. Small inaccuracies 
in some of the readings may entirely discredit tests which have 
cost a great deal of money to make. 

Inspection ani Adjustment. Before tests are made the turbine 
should be inspected to see that all parts are in proper condition. 

If necessary the interior should be examined to see that the 
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buckets have not been damaged by foreign substances, and all 
necessary adjustments made at this time. After the tests have 
been completed, the machine should be read 3 ^ for commercial 
service, and no adjustments of the turbine should be made. 

Corrections. Whenever possible, turbines should be tested 
under the conditions for which they were built to operate. Cor¬ 
recting for different conditions is always liable to throw some 
doubt upon the accuracy of the test, and therefore on the effi¬ 
ciency of the machine being tested. Different machines will 
have different correction factors for varying conditions, and for 
this reason it is impossible to arbitrarily fix the allowances that 
should be made. 

In general, the corrections for steam pressure, moisture, or 
superheat, are less liable to be misleading than that for varying 
vacuum, for the reason that comparatively large changes in any 
one of the first three, will but slightly affect the conditions in 
the machine; whereas, a slight change in the vacuum makes an 
enormous change in the available energy and volume of the 
steam in the low pressure end of the turbine. A turbine may 
show a splendid efficiency with poor vacuum, but unless it be 
properly proportioned, it may give a poor efficiency with a good 
vacuum. 

Test Results. The majority of commercial tests on turbo¬ 
generators are made to determine whether or not the unit is 
fulfilling the guarantees made by the manufacturer of the ap¬ 
paratus. The steam turbine differs from the reciprocating steam 
engine, in that it is impossible to take any readings that will 
give a direct indication of the powder being developed. The de¬ 
signing engineer with all necessary data, can estimate very 
accurately what power the turbine is developing under any 
given set of conditions. But the operating engineer has not the 
time, nor is he interested in making such calculations. 

It will be apparent from the foregoing, that the complete 
test of a unit, necessitates taking a large number of measure¬ 
ments, and small inaccuracies in taking many of the readings 
are liable to affect considerably the final results. For this reason, 
it is obvious that no machine should be discredited on account 
of small variation in the final results. 

With the high efficiencies now being obtained, small inaccura¬ 
cies in readings will show a relatively large per cent variation 
in the steam consumption. It is for this reason that manu¬ 
facturers guarantee an efficiency^ which is not quite so good as 
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may be expected from the unit. Another method is to guarantee 
the efficiency that may be expected, with an allowance to cover 
permissible inaccuracies in making tests. 

The Steam Flow Meter, Under suitable circumstances, 
thoroughly accurate tests may be made by measuring the steam 
with a meter. Such tests will be more convenient than those 
made by any other method. Certain precautions are necessary, 
but there should be small expense in providing conditions that 
will insure reliable results with the best meters. 

Even where other methods of measurement are used the 
steam flow meter will always be a valuable adjunct since its 
readings are accurately proportionate to flow and show the con¬ 
ditions instantaneously. 


Measuring the Electrical Output in Connection with 

Turbine Tests 

The output of the turbo-generator may be either direct current 
or alternating current. We will consider first the measurement 
of direct-current output. Usually, station instruments in con¬ 
nection with generator switchboard have been provided, but 
unless temperature conditions can be very accurately controlled 
and the instruments can be checked under operating conditions 
they should not be used. The station voltmeters may some¬ 
times be satisfactory but it is the usual practice to supply 
direct current station ammeters to operate from shunts of ap¬ 
proximately flO millivolts drop. This requires that the in- 
fficating part of the ammeter be largely a copper circuit; there¬ 
fore the whole combination is subject to considerable error due 
to variations in room temperature, and with some shunt ar- 
mngements, to variations in the current to be measured as well. 

^ or the precise measurement of direct-current output, portable 
indicating ammeters should be used having 200-millivolt-drop 
shunts,* and, therefore, permitting the use of indicating milli- 
VO tmeters whose circuit consists largely of resistance material 
having practically no temperature coefficient. It is also de¬ 
sirable when possible, to measure the volts by similar portable 


_ When using either switchboard or portable instruments the 
influence of any stray fields should be investigated and arrange- 
ments made whereby these stray fields wiU not affect the mea- 


* This is not an arbitrary value but has been chosen by several makei^ 
as giving the best compensation of all temperature errors. 
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snred output. Special caution must be observed in this respect 
if the instruments are not of a shielded type. If the influence of 
stray fields is very small it may be eliminated from the final 
result by periodically turning the instruments between successive 
readings. There is also another point in connection with the 
measurement of amperes, especially when testing large units, 
which is important, namely, care should be taken to correct the 
observed indications of the millivoltmeter for any electromotive 
forces that may appear in the shunt or leads due to thermo¬ 
electric effects. The amount of error due to this cause may be 
observed by reading the millivoltmeter at the close of the test 
with no current flowing in the main circuit. There may then be 
observed a small positive or negative indication, which should 
be applied as a correction to the observed ampere readings. 
Of course, to have this correction constant throughout the test 
the entire arrangement should? be run under the test load until 
final temperature conditions in the shunt have been established. 
This precaution need not be observed in connection with 
standard precision shunts having 200 millivolts drop. 

Referring again to the station type of shunts, unless the 
ammeter is checked with the shunt connected into the bus bars, 
great care should be taken to know that the distribution of 
current flow through the shunt is the same when the ammeter 
is used, as when it was tested. It is quite possible to have large 
errors due to this cause. 

Measurement of Alternating-current Output. If the output 
is small—less than 20 or 30 kw.—wattmeters, ammeters and 
voltmeters without current or volt-multipliers may be used. 
The same remarks with regard to disturbing influences, which 
apply with direct current instruments apply with even greater 
force to instruments for alternating current. They are not 
usually much affected by steady magnetic fields but in many loca¬ 
tions where large generators must be tested there may be fields 
which would have an appreciable effect on the indications of the 
instruments and which would alternate with the same frequency 
as the circuit to be tested. The current leads of the circuit under 
test may become a source of error. Such fields require the 
use of shielded instruments or the careful handling of those of the 
unshielded sort to eliminate any possible errors. 

After all questions in connection with the instruments them¬ 
selves have been disposed of it is necessary to consider the proper 
use of the instrument transformers which provide usually the 
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only means of enlarging the capacit}^ of the instruments to meet 
ordinary requirements. 

The station equipment provided for use with the generator 
can be checked carefully and both the instruments and trans¬ 
formers employed for the precision test, but this is not usually 
as convenient as to insert transformers specially tested for the 
work. Of course, if the constructors of the plant have the 
foresight to install tested transformers these are, at any time 
available, for precision testing, A'lakers of instrument trans¬ 
formers can supply them when requested with certificates 
showing performance under any specified conditions. 

In using instrument transformers it is necessary to observe the 
precaution to have the secondary connected load the same as 
that which was on the transformers when they were tested for the 
certificate. It is also necessary', if the test is to be made under 
conditions that will give low power-factor on circuits to at 
least know that the phase displacements in the instrument 
transformers are not large enough to appreciably affect the re¬ 
sults. It is also well to observe the precaution not to use instru¬ 
ment transformers with interconnected secondaries except for 

the common ground connection. This should be employed as a 
safety precaution. 


If possible, a test should be made on non-inductive load. If 
t. IS is done the indications of the voltmeters, and ammeters 
may be used to check the indications of the wattmeters If all 
the test arrangements have been satisfactorily attended to the 
apparent power as showed by the volts and amperes should 
agree within one per cent ivith the wattmeter indications and the 
watts indicated should be taken, as the true output. If the 
test cannot be made at unity power-factor, the voltmeters and 

ofXtrih, t ° f f that the general conditions 

Por th ^ throughout the test, 

this purpose the station instruments would be satisfactory. 

avSed'whe " " testing should be 

Zct watthour meters for 

tth ofThese hTad- ""^^ting-current drcuits, and under 
both ot these headings there are those which might be classed 

as accurate and those which could hardly be so described Still 

the very best watthour meters that can be made a^ tfervor 

n performance to the best portable indicating instruments 

atthour meters are slightly affected by changes of vdtTe 

j', by the amount of load current 
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which is being measured. Sometimes if the test must be made 
under service conditions and the load is very fluctuating the 
output may be more accurately determined by watthour meters 
than by indicating instruments, but this would represent ex¬ 
treme conditions, and would not usually be true. 

Watthour meters should never be used unless checked in place 
at the frequency, voltage, wave shape, etc., which are to be 
used in testing. If it is not possible to run a complete test on a 
fairly steady load it is usually possible to make a few runs on the 
watthour meter under load conditions and to use this check 
as a basis for determining the output by means of the watthour 
meters during the test run on unsteady load. It is still advisable 
to read the indicating instruments at short intervals so that 
their indications may be made use of in computing the final result. 
The fluctuations shown by the recorded values will determine how 
much weight should be given to the indicating instruments. 

Checks of watthour meters should not, for precision purposes, 
be made with the meter subjected to other than exact load con¬ 
ditions and on the same circuit. If watthour meters are 
tested in place, using the above precautions, and indi¬ 
cating instruments are employed and read at frequent in¬ 
tervals during a test run of three to five hours, the watthour 
record should agree with the output as determined by the in¬ 
dicating instruments within one per cent on fairly steady com¬ 
mercial loads with the chances largely in favor of the indicating 
instruments being correct. Single-phase indicating instruments 
for polyphase service are to be preferred for precision work to 
polyphase instruments, for the obvious reason that indications 
of a polyphase instrument are made up by the two elements in 
such a way that it is not possible to apply corrections to either 
element to get the true total result unless the division of load is 
known by single phase instruments; and if the single phase 
instruments are required for this purpose they may as well be 
of the precision class and used for the actual determinations, 
and the polyphase instrument omitted. 

Conclusion 

To accurately and positively determine the efficien.cy of a 
steam turbine, great care must be taken in making the tests. 
If all necessary precautions are not taken, the results are liable 
to be misleading, and will in all probability be absolutely value¬ 
less so far as determining the actual economy of the unit. 
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The modem steam turbine, unlike the reciprocating engine, 
should require no adjustments before making economy tests, 
that is, after it has been adjusted, any turbine should be able 
to stand all the sudden variations of load and steam conditions 
occurring in commercial operation. The turbine should be 
tested with the adjustments that are normally maintained. 
After tests have been made to establish the economy of a turbine, 
no adjustments that may affect the efficiency, should be made. 
Any such adjustments may discredit the entire test. 

The testing of steam turbines in some respects resembles the 
testing of water turbines, and it is recognized what precautions 
have to be taken in testing them in order to avoid misleading 
results. The testing of steam turbines demands even more care, 
owing to the greater number of conditions which have to be 
maintained and accurately measured. 

With the ever increasing search for higher economies in the 
production of power, the efficiency of every piece of apparatus 
that forms a link in the chain between the coal pile and the 
switchboard must be maintained at its best, and in a turbine 
power station it is not sufficient to know the efficiency of the 
turbine alone, but every, source of loss should be run down and 
eliminated or reduced to a minimum. Several small losses 
may in the aggregate be sufficient to cause an otherwise economi¬ 
cal plant to make a very poor showing. 
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Discussion on '' Testing Steam Turbines and Steam Turbo- 
Generators New YorKj December 9, 1910. 

Gano Dunn: Although it recognizes in full the necessity of 
manufacturing tests, the paper deals principally with over¬ 
all efficiency tests largely as acceptance tests. Before ac¬ 
ceptance tests come to be necessary—in fact before the manu¬ 
facturer can know what he may guarantee—there must be an 
enormous amount of detail testing and of research testing, both 
of the generator and of the turbine. 

The latter tests, from an engineering and certainly from a 
scientific point of view, are more important than acceptance 
tests, and I had hoped to see in the paper more data on the 
segregated tests^of the generator itself and of the turbine itself. 

In respect to innumerable details, the design of the generator 
is essentially a result of what previous designs have done and 
in a piece of machinery of high speed and difficult arrangement 
of parts such as a turbo-generator, tests are more necessary than 
in any other kind of similar electrical apparatus, because so large 
a part of the design is empirical. 

This is also true of the steam end of the combined unit and 
as I see Mr. Emmet here and remember conversations with him 
on steam tests, I feel that as the American Institute of Elec¬ 
trical Engineers, we are more interested in the research portions 
of the tests on steam turbines and on turbo-generators, than 
in the commercial portions. 

When speeds are pushed beyond limits with which we are 
familiar, we reach a point where a further increased speed is no 
longer merely quantitatively different from the speed we have 
been^ using; a qualitative change takes place in our conditions 
and it is no longer safe to exterpolate. 

It is found, for instance, when retardation tests are made 
on turbo-generators, that the losses from vibration, windage 
and. eddies after certain critical values, do not follow the laws of 
variation that they follow below these critical values and some 
of them are quite erratic in the way their rate of variation is 
related to the variation of speed. 

Since in turbo generators these losses are proportionately 
much larger than in ordinary generators, and since in dealing 
with them we are, so to speak, in a strange country, we are par¬ 
ticularly in need of research tests. 

To cite an instance, the designer of an ordinary generator 
provides for windage to cool the parts of his machine and he 
busies himself with considering only how much air will be thrown. 

The designer of a turbo-generator finds such an enormous 
increase in the power consumed by windage that the air itself is 
increased in temperature, so he has to consider, not only how 
much will be thrown, but how much it will be heated in the course 
of throwing. 
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The increase of its temperature is so dependent upon the 
shapes of passages and the volume of chambers in the interior of 
the machine, that prediction of this increase is practically im¬ 
possible at present. 

In respect to balance, it is well known that below the first 
critical speed, if a turbo-generator is run in flexible bearings and a 
piece^of chalk is made to approach the revolving periphery, it 
will first hit and make a mark on that side of the revolving 
mass which is the heavier, and to secure a proper balance a 
balancing weight must be put opposite the chalk mark. 

It is also well known that above the first critical speed when 
the apparatus may be regarded as ceasing to revolve around its 
axis of figure and is gyrating arotind its axis of gravity, the 
place where the piece of chalk will hit will theoretically be ro¬ 
tated 180 degrees from the first place. 

bnder these conditions the balancing weight must be put at 
the chalk mark. 

In the range of speeds between the limits I have mentioned 
the balancing weight must be put somewhere between a point 

180 degrees removed from the chalk mark and the chalk mark 
itself. 

It looks as if the working out of a law of these mass vibrations, 
was simple, but the flexible bearings in which the rotation must 
occur, impose cornplicated conditions, and the beautiful 

formulas of the ordinary laws of forced vibrations do not seem 
to hold. 


In the works of a celebrated European company, distinguished 
for the success of, among other things, its turbo generators, the 
study of balance has been thoroughly pursued, and incidentally 
1 might mention every turbo-generator, is balanced by a member 
of the Board of Directors. 

This member of the Board said to me that he had worked 
out a formula which indicated that the position of the chalk 
mark lagged behind the position of the heaviest region somewhat 
in the current lags behind electromotive force in an alter¬ 
nating circuit. This formula guided him in the calculation of 
the amount of this lag and the position of balancing weights 
and enabled him to secure the beautiful balances which cliarac- 
tenze the apparatus of his company. 

lests and research work on questions like these are greatly 

Where a manufacturing company builds both the steam tur¬ 
bine and the turbo-generator its responsibility is of course, based 
upon the ratio of the electrical energy developed to the steam 
consumed and segregated tests of the generator and. of the 
turbine are not essential for acceptance tests, but a number of 

Here segregated tests are necessary to determine each manu¬ 
facturer’s share of the over-all responsibility. 



1910] 


discussion at new YORK 


1691 

upm'^dSn^of tests are in the reaction 

and wheii^we realize how n testing discovers, 

different balancing, all of which are so 

outside of oTdinSvtitoti they fall 

been coltted S has 

ourrelatS'tn'Jr®*; ti'"® Mr. Dunn has brought 

S)le-thlt if If of the test of the part and of tte 

.eS: fLifffShcStfaffS? oftffn- 

Tesult^’' thoroughly'investigated as a rule, is the net 

whn ^ should be really the test of the ability of the eno-ineer 

Teaf iforftt f® '°f the Ipparatus^ fhe 

sf ed difficulty is that the generator is a very high- 

Sf nif t fi requiring a large amount of twer, 

and cannot well be run by anything but the turbine which drives 
It. If this generator could be thoroughly investic^ated and 

?llc r™ m".™ "’“•'■ ‘'.''“h'' feirabfe* 

tncrc^dic many unknown and obscure conditions in these c-en- 

eri^ois which pass muster as parts of a satisfactory general result 

1J I ''“y'■fi investigate the genltator alone, 

aiid theie IS one method of so doing which I believe was fir 4 

if ifwfnf f ^ Sood deal of value. 

It is_ what I call the deceleration ”* method of testing. This 

consists in bringing the generator-by any means, as I motor 
01 otherwise—to a speed m excess of that at which it is to be 
operated, and then allowing it to decelerate, noting the rates of 
deceleration and from these rates, with a carefully calculated 
moment of inertia, determining the amount of power exerted 
at any particular instant. 

By so operating a generator, the power required to drive the 
machine at any instant in the process can be determined and 
the process may be repeated with different degrees of excitation 
and other possible variations. 

I use _ the word “ deceleration ” as it is part of the language 
spoken in Sclietiectady. I do not think there is such a word in 

the. dictionary, in reality, but you will probably all understand 
what I mean. 


r' j ^^boism of the word “ deceleration ” see communication by 
O. O. Mailloux on page 44 of these Proceedings. 
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It is extremely important, no matter what methods of in¬ 
vestigation are used on the generator, to take nothing for 
granted in the matter of generator efficiency in a high speed 
unit. That is, if somebody guarantees a certain result on a 
turbine generator shaft, and gives a list of losses, such statement 
should be accepted with great caution. The losses in high speed 
generators are very much greater in many cases than are gen¬ 
erally supposed. 

The windage losses are extremely large and very variable, and 
they vary greatly owing to the way the air passes through the 
machine, much pov^r is concentrated in a small space, and there 
are various losses incident to leakage fluxes, and eddy currents, 
which often do not occur in other kinds of apparatus. There are 
also very large load losses; that is, I mean losses caused by the 
existpce of large currents in the conductors which cause unequal 
distribution of flux in the neighborhood of the slots, and conse¬ 
quent eddy currents in the iron and sometimes in the field 
windings. 

All of these conditions make it desirable to test the unit as a 


whole, and in fairness to manufacturers this testing the unit as a 
whole should be made justly and carefully, and I think Mr. 
Dickinson's and Mr. Robinson's paper gives a fairly complete 
list of the precautions to be observed. 

There is one matter I want to mention which is only slightly 
alluded to in this paper and which I think is of a great deal of 
interest, and that is the steam meter. W^e have been using steam 
meters in all of our turbine tests for a long time past, and at the 
same time have been weighing the condensed water. We have 
checked results within two per cent in practically every case, and 
m eD cases where the conditions were accurate and uniform and. 
weU understood, it was generally within one-half of one per cent. 

steam meter is a very valuable piece of apparatus and 
those who have used it will depend upon it and use it more, 
in any test it may give valuable indication which will prevent 
error, for if not trusted as a source of information, it will at 
leasj; give a gauge on relative proportion of values. 

very often in steam tests there are obscure sources of error, 
in one case in the testing of a turbine near Boston, a radically 
wrong result w-as obtained—or it seemed entirely wrong, and 
observed that the slope of the load curve was such as to indicate 
leakage. _ They tested the condenser and found no leakage- 
with a high degree of vacuum on the condenser, it was found’ 
how-ever, that when the steam blew into the condenser in con- 
siderable quantities it leaked badly as the pressure and the heat 

caused certain tubes which were split to open, so 

tihn*the condensa- 
tion which was being measured. 

portion of this paper 
co\ enng tests on the steam ends of turbine units, I fail to see 

anything brought out in the way of necessary precautions to be 
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taken, which are not well known, and are practiced by any^self- 
respecting station engineer, undertaking the work of conducting a 
test. Doubtlessly, no precaution that leads to accuracy is too 
trivial to be neglected. 

In the case of tests where the condensate is weighed, it is not 
difficult to obtain dependable results. The leakage of the con¬ 
denser must be carefully watched, however, and sometimes 
as Mr. Emmet has remarked, peculiar leakages from split tubes 
may develop, which exist when the plant is in operation, but 
curiously sometimes, do not show themselves during an ordinary 
condenser leakage test. 

In the case of tests where a jet condenser is used, or a non¬ 
condensing turbine is installed the only means available, of 
determining the steam consumption, is to measure the feed water. 
The difficulties are much greater, rendering it necessary to tear 
down feed pipes, steam lines, blow-offs, etc., ^ to insert blank 
flanges. This frequently causes a disorganization of the whole 
plant, but it is nevertheless a necessity if the test is to be de¬ 
pendable. Nothing should be taken for granted. Every con¬ 
nection should be investigated. In the event of contemplated 
tests, the builder who demands these precautions for the sake of 
accuracy, is likely to find himself rather unpopular. 

One point which we think might have added considerably to 
this paper, would have been to set forth an opinion as to the 
proper duration of tests. In the case of weighing the condensate 
true results may be obtained with a test of one hour after con¬ 
ditions have settled down. Nevertheless, in the case of a formal 
acceptance test, two or three hours at least, would generally be 
employ^ed, and it will usually be found that one hour closely 
agrees with another. In the case of weighing the feed water, 
the test should certainly be for not less than eight or ten hours, at 
any one load. This, of course, is made necessary by the diffi¬ 
culty in determining the height of the water in the boiler. We 
all know that on blowing down the gauge before making an 
observation as to the height of the water, you will find the level 
will go up, due to the difference in temperature between the water 
in the glass, and that in the boiler, and there are other things 
which will vary the height of water in the boiler, by^ changing 
the rate of firing. 

Some reference is made in the paper to what is called a heat 
balance test, measuring the quantity of cooling water supplied 
to the condenser, and noting the rise in temperature of the 
same. I do not think anybody would look upon this as a re¬ 
liable means of determining the steam consumption of a unit, 
because such a small error in the temperature of the water would 
influence, so greatly, the amounts of steam calculated there¬ 
from- There is, however, a possibility, with extreme precau¬ 
tion and using condensers which cause b . high thermal rise of the 
condensing water, to derive fairly satisfactory results in a test 
of this nature. 
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One of the most important things which I find in the con¬ 
ducting of turbine tests, is the proper reading of the vacuum. 
One not infrequently finds mercury columns located some 
distance from the chamber where the vacua is being observed. 
These are sometimes connected by a small pipe, perhaps con¬ 
taining loops, which together with capillary action, will seri¬ 
ously interfere with the reading of the mercury column. The 
mercur}" column should be connected with as short a pipe as 
possible, and of sufficient size to absolutely preclude any capil¬ 
larity. These same precautions, of course, apply also, to 
reading the lower steam pressures mthin the turbine, which ap¬ 
proximate atmospheric pressure, or less, but do not necessarily 
hold for the high pressures. In the case of the mercury column, 
the barometer should preferably located alongside of it, so that 
the temperature correction will only apply to the inch or so 
difference between the barometer reading and the column read¬ 
ing, which may then be ignored. When great accuracy is de¬ 
manded, it^is as well to have a quantity of the mercury weighed 
in a^ chemists laboratory, as I have known a higher vacuum 
reading to ^ have been obtained b^^ the amalgamation of the 
mercury with some tin, somewhat to the enhancement of the 
condenser performance. 

I do not feel competent to discuss that portion of the paper 
referring to the ^ electrical instruments. In my experience in 
testing turbines in the builder’s works, I was very glad when I 
succeeded^ in devising a hydraulic brake, by means of which, 
the question of the electrical instruments was eliminated, to¬ 
gether with the delays required for the water rheostats and the 
like to become settled. By means of the brake, the load may 
be applied as quickly as desired, and all the refinements of ob¬ 
servation are to know- the radius of the brake arm, measure the 
speed of the turbine, and the reaction of the brake arm on an 
skffi weighing scale, none of which call for any particular 

In all acceptance tests which are carried out in the our- 
chaser s plant, it is necessary beforehand, for the builder to come 

purchaser, as to what corrections 
deviations from the contract conditions. 

I he introduction of corrections is as objectionable to the builder 
as to the purchaser, and is the more embarrassing because the 
purchaser is more or less compelled to accept whatever cor¬ 
rections the builder insists me proper. Protest on the part of 

met with the contention that the matter of 

t the tests under the conditions 

Teem^ ^ contract. However, this is not as serious as might 

There should, generally speaking, be no necessity for making 

Sas^tn'' It should be^easy forlh! 

purchaser to maintain the contract steam pressure, within five 
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pounds either way, the effect of which deviation should prove 
negligible. 

Superheat and steam quality cannot be controlled, but this 
is the only correction which need be determined beforehand, and 
there is but little diversity of opinion as to what the superheat 
correction should be. In steam quality, it is usual to allow^2 per 
cent for each 1 per cent of moisture, because of the friction 
caused b}^ the presence of the water. 

In the case of the vacuum correction, however, this is a variable 
factor, depending entirely upon the inherent design of the turbine. 
Where the purchaser is imable to maintain the vacuum called 
for by^ the contract, I have always arranged to determine tne 
vacuum corrections directly from the tests themselves, by run¬ 
ning a series of tests at different loads with the highest vacuum 
obtainable, and a set of similar tests at like loads with 1-in. or 2--in. 
lower vacuum. From these results, the proper vacuum cor¬ 
rections may be determined—these corrections, of course, being 
greater at the fractional loads. In all cases, a series of not less 
than three tests at different loads should be run under the same 
operating conditions, in order that the results may be plotted 
on cross-section paper, when any discrepancy or disagreement will 
immediately become obvious, bearing in mind that ^the total 
steam consumption of any turbine, no matter what its design 
may be, follows a right-line law up to the point where any by¬ 
passing or changing of areas in the turbine is resorted to. The 
plotting of pressures to load, and to total steam, may be a means 
of discovering the. cause of a discrepancy. 

W. L. Robb : In general I agree with the methods of testing 
recommended in the paper. On a few points, however, my opin¬ 
ion is somewhat at variance with the authors \ I agree with 
them that the steam conditions during test should be as near as 
possible the conditions under which the turbine is normally to 
operate in service; but I would go one step further and have the 
generator loaded during test with a load of approximately the 
same power factor that will be met with in the normal operation 
of the plant. Such a load will be the one most easily obtained 
for the test under ordinary circumstances. A test with a load 
of unity power factor, when under ordinary operating conditions 
the power factor will be much less, does not give a purchaser the 
desired information. 

All instruments on whose readings the calculation of efficiency 
are finally based, should be calibrated before and after^ the test. 
My experience has not given me such confidence in series trans¬ 
formers that I would be willing to make any exception in their 
favor as recommended in the paper. 

Neither steam flow meters or watt-hour meters should be 
used as a basis for the final calculation of the efficiency of the 
set. It will be found convenient, however to have both instru¬ 
ments in service at the time of the test. Frequently some ir¬ 
regularity in operation or in conditions of test, will be indicated 
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more promptly by these instruments than from the periodic 
readings of the indicating wattmeters and the weights of steam. 
Much time may be saved in the test, from the prompt correction 
of troubles. ^ At the completion of test, data will be available 
for determining the accuracy of the steam flow and watt-hour 
meters. 

There are a few points that have been impressed on me 
by my own experiences in testing steam turbines that may pos¬ 
sibly be worth mentioning. 

The time to prepare for a test is before the turbo-generator and 
its auxiliary apparatus, including steam piping and switchboard 
are installed. 

A few extra valves of relatively small cost will greatly facilitate 
blanking off the^ apparatus under test from the rest of the 
power house equipment, and no test is worthy of the name if 
reliance is placed on all valves being tight. 

Little if any attention is usually given in switchboard design, 
to making provision for the introduction in the circuits of stand¬ 
ard series transformers^ or instruments, either for use in effi¬ 
ciency tests., or in calibration of switchboard instruments. 
A slight and inexpensive change in the design of the discon¬ 
necting switches now commonly installed, would greatly facili¬ 
tate the use of standard instruments at times when their use is 
desirable. 


Measurements of feed-water are unreliable as the quantity 
of water in the boiler is usually determined by the height of water 
in the gaup. The height of water in the gauge is not only a 
rtmction of the quantity or weight of water in the boiler, but 
also of the temperature of the water and the rate and point from 
which the steam is taken from the drum. 

A turbo-generator should of course be tested at fractional and 
overloads, as well as at full load. A study of the efficiency at 
vanous loads will indicate whether the capacity of the turbine 
and pnerator have been properly proportioned. 

I have always found it convenient during test to work up 
data as rapidly as possible, to enable one to plot the steam flow 
as a function of the kilowatt output, selecting scales that would 
give approximately ^a forty-five degree slope to the line. Anv 

l^est, such as abnormal leakage 
^PP^rent in irregularities in the points 

of these^k?eg^i”e? saved in removing the causes 

^ practice to work out the results to 
elLS«tf obseryatioris every fifteen minutes and to 

th?^rSt^ nSa - observations taken before 

Tif;. -h obtained for successive intervals became uniform. 

dhlp elimination of the observations taken 

A run of during the first two hours. 

^ conditions have become constant, 

S ent data for a calculation of the eflSciency, pro- 
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\ idcd d sill 1 at tondc'nser is used. A much longer test would be 
It. (1 it the slcdin consumption wus obtained from a, mea¬ 
surement of tlie feed"water. 

When :ill jxissilile i)recautions are taken, all instruments, both 
ineehaiueal and ideetrical are calibrated, the steam supplied under 
ap])ioximati'ly iioimal conditions, and the load on the generator 
has a|)j II ()xiinati‘ly the normal power factor, I believe that results 
cun 1 k‘^ 111 itained tliat arc correct to within one percent. 

Edwin D. Dreyfus i I he subject of the evening’s paper is 
not onl\- an interesting but a timely one. It is a phase of engi¬ 
neering work on which a great deal may be said regarding 
actual exina-ience obtained and expedients and methods em- 
’ >yed t,(> vouchsafe very accurate and reliable results. 

It is to Ik,; remembered that there are now over 2000 steam tur- 
is in ojxn-ation in this country, which has permitted us to 
have aec|uired close and quite intimate familiarity with this 
pe of iH’ime mover, as well as to learn the best methods of 



Fic#.. .’"Edicienc'y test, BOO-kw. turbine—120 lb. steam pressure, 7 lb. 

buck pressure, 3 to 6 deg. fahr. superheat 


examiiig its characteristics. Consequently, I cannot accept 
the same ficssimistic view as the authors, placing somewhat in 
ciucHtiou ttu* aliility of engineers in. general to definitely and posi¬ 
tively clc‘t(*riniiie within very small limits of error the true per- 
forinanc(.‘ of a turlhne and its component generator. 


While I fully subscribe to the precautionary measures laid 
down iiy tlienq'it seems to me their definitions have to the casual 
observer the complexion of being unduly apprehensive and are 
unsupijorted by any reassuring statements in this direction. 

I am able to" present .some evidence that I believe shows that 
tests should be no matter of uncertainty and that by exercising 


he usual care, remarkably consistent results may be obtained. 

Finst of all, tiroper development in the turbine art requires 
hat the designers and manufacturers of turbines carry out 
'cry conijiletc' tests in their own shops. For this purpose, special 
est floons are provided, and the surface condenser and hydraulic 
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dynamometer, involving simple formulae, are used. Obviously, 
some of the large turbines may be tested to only about one-half 
load on account of the heavy draft on the boiler plant of the 
works. 

Fig. 1 includes tests on a 600 kw. non-condensing turbine 
made independently on both the turbine and the generator 
by brake and separate loss methods respectively, and the results 
combined, and then assembled and tested as a unit. The first 
series was conducted in conformity with the usual practice at the 
builder’s works, and the second set were the over-all witness 
tests which had been specified by the purchaser. The check 
between the two is, of course, very gratifying, but it is just as 
should be expected with the necessary care and experience. 

Witness tests for the U. S. Government on the two different 



Fig. 2. Test of 1000-kw. turbine, 3600 rev. per min.—150 steam pres¬ 
sure, 100 deg. fahr. superheat, 28-in. vacuum. (30-in. barometer) 


machines of 1000 capacity and of the same design, are shown 
m Fig. 2, for identical operating.conditions. These results are 
m every measure^ satisfactory (the normal variation being 
- 1 ^ per cent) as it is to be remembered that they were 
run individually, and the small variation is only such as 
one woidd expect, for the dual reason—the probable slight dif- 
erence in the construction of the two machines built from the 
same pattern, and small personal errors in observations. The 
foregoing tests were made with all special facilities at hand in 


Coming to Fig. 3, we have an example of three 10,000-kw. 
urbmes at tho Brooklyn Rapid Transit Company, tested after 
erection by the owners. At full load, the maximum variation 
from the mean is somewhat less than 1 per cent, which shows 
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forcibly the degree of accuracy obtainable, bearing in mind 
that these three tests pertain to different machines. It also 
exhibits the uniformity of construction according to a given 
design that has been secured, which is undoubtedly more note¬ 
worthy than it would be for the reciprocating engine. One point 
in the test of Unit No. 7 (150 per cent load) departs appreciably 
from the values established in the other two machines. There 
is no plausible explanation for this discrepancy, but as it is the 
only appreciable deviation out of fifteen load tests, it should 
not be taken seriously. Moreover, these turbines naturally have 
quite a flat over-load characteristic, as the heavier loads are 
olotained l:)y opening more nozzles on the high pressure wheel 
by means of a secondary valve, (by passing no active part of the 
turbine.) Mr. C. E. Roehl, the Company’s electrical engineer, 
under whose supervision the leasts were made, would I believe, 
be willing to make these data available to the Institute if re¬ 
quested. These particular 10,000-kw. turbines were the first 
of the double-flow design built in such capacities and are, there- 
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Fig. ';i.—Test of 10,000-kw. turbines—corrected to 170 lb. steam pres¬ 
sure, 100 deg. fahr. superheat, 28-in. vacuum. (30-iii. barometer) 

fore, operating at lower speeds than used in the latest practice, 
lliglicr speeds are, of course, beneficial to economy. 

The value of the Willans right line law applying to turbmes, 
has already been noted by a previous speaker, as well as the 
characteristic line of the throttling turbiM in which the inlet 
tiressure varies directly with the load. These features P^oy 
very important in the absence of an “ exploring device like 
the steam indicator for the reciprocating engine. By means 
of these virtues, the results for any given load which may not be 
satisfactorily maintained for operating reasons, may be con¬ 
veniently and accurately interpolated or extrapolated from the 

It has been found in most of, the throttling governed turbines 
that the total steam line tontmues rectilinear until the first 
stage inlet pressure reaches within 10 lb. of the throttle p®ssure, 
whm the curve deflects slightly upward, on account of the 
^erondarv admission valve opening at this time.^ 

In the case of the Brooklyn Rapid Transit turbines above re- 
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ferred to, this occurred between 5 and 10 lb. It is to be under¬ 
stood, of course, that the same pressures, superheat and vacuum 
are maintained over the entire range of load. The value of the 
pressure characteristic is very well exemplified in one instance 
where the horse power of a turbine w'as calibrated against the 
first stage inlet pressure. This furnished a measurement of the 
power applied to marine reduction gear, and its efficiency was 

then obtained by determining the delivered work with a hydrau¬ 
lic brake. 

Through some misunderstanding or oversight, a set of ob¬ 
servations may show fallacious results and this important 
right line law immediately disproves them by their failure to 
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- • Approximate reduction in average steam consumption with 

varying degrees of superheat (average of 32 tests at practically the 

same vacuum—number of superheated steam tests indicated by 
figures on curve). ^ 


respect to others that prove themselves to be 

■pecial ckinS lloS’ consequently entitled to no es- 

tests in ^f'fed conclusively by several parallel 

Lch cLme^dohU ^ '^'"other. Unfortunately 

or less 

Whiirthed?r» the graphical recording instruments. 

_ nue they are not very sensitive from a scientific stanrlnnin-t- 
they establish a very valuable indov of a mar , 
ing a test And it Tnicrht of events dur- 

roocinn ^ possible, by their use, to discover the 

reason for any discrepancy that may appear in’the final plot! 
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An understanding must be had in regard f 
for reducing the observed values to contract or designed condi 
tionc; as has already been discussed. Difterent constants tor 

pressure correction are employed, 

small factor. One company uses about one-half of the theorem 
cal change, that is, one-half per cent for every 10 lb. de 

terminini the variation due to changes in superheat I ^entlj 
went over the tests of a great many of 500-1^ . s^e 

selecting those which had been made under Pf 

conditions, and found the curve of the na u acceoted 

Size should not influence the factor matenally ^J . 

correction of 1 per cent for 10 per cent vanation is thus 

stantiated for ranges of superheat whic ar 
ranted. Similar superheat determinations were published m 
Se-ntember 30 1910 issue of the London Engineer, applying to 
f £owS£urtis marine turbine and having the -me droopmg 
tendency. This characteristic is evidently f g 

of the ‘^dew point ” in the t-bme occms de^ee^for 

in the higher than in the lower 
ranges, and consequently a point 
is eventually reached where the 
ultimate improvement ceases 
because the quality of the 
“ steam going into the exhaust 
represents a greater loss than 
the saving due to the reduction 

in internal friction. 

The authors rather ^ broadly 
discount any value which may 
be o'iven the indirect measure¬ 
ment; that is, appropriating the 
condenser as a large calorimeter. 

I have one test in mind par¬ 
ticularly, where this method had to be ^rved 

cuting the work y^pery possible interests 

the occasion to ensure reasonably close 

concerned, and efforts were como arcuratelv calibrated 

results. The Ventun meter tanks 

over the range reqmred ^^iroose'’ The meter^ coefficient 
which were accessible for the purp • , verified To avoid 
determined by the bndders wij f S'te discharge 

liability of error were placed It 

water, two calibrated simultaneously read, 

virtually opposite points of th pp stratifying 

Any variation throughout the body .,,r,t.iced. These ther- 

were 

IvSlWMmeriSeS, a recording thermometer was 



Fig. 5.—Weighing tanks 
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moved back and forth across the hot well discharge. The entire 
results were well within per cent correct. 

In surface condenser work weighing tanks and standard scales 
are the rule in official testing. At some plants large weighing 
scales may not be readily obtainable, and arrangements of tanks 
shown similar to those in Fig. 5 has been used with success. 
A snifting valve is provided at C allowing the ingress and 
egress of air to and from the tank and which automatically 
closes when the tank is full, furnishing one signal to the operator 
to shift the levers. This, of course, represents only one of the 
tank arrangements that has proved a successful expedient. 

^ Wm. C. L. Eglin: There are two phases of this discussion to¬ 
night, namely, the acceptance test and the manufacturers test. I 
hold some difference of opinion from the views expressed in the 
early part of the evening regarding the acceptance test. I do 
not believe the acceptance test is of any value unless it is made in 
the manufacturer’s plant. I think Mr. Hodgkinson brought 
that out when he said the agreement was between the purchaser’s 
engineers and the manufacturers’ engineers. 

It is very difficult to make corrections in such a way as to be 
satisfactor}^ to both sides; so a test should be made under the 
conditions which can be reliably obtained in the manufacturer’s 
plant; and that limits the test to very small turbines. One of 
me greatest difficulties is obtaining unity power factor in plants, 
when the turbine gets above 10,000 kw., then running a test 

under full rated load becomes expensive and practically precludes 
that class of testing. 

There is another difficulty the owner is confronted with, 
and that is the difficulty of having trained observers. In 
the manufacturing plant there are a number of trained observers 
^ advantage that is not touched upon in this paper. 

• 4 . seems to indicate that the most necessary thing 

is to have reliable instruments. In a large equipment it would 
e almost impracticable to install additional instruments to the 
extent indicated by this paper; and from our standpoint, we 
vould turn over the instruments and have them checked in 

resSi’cSllVhP was made. We have found that accurate 

value in checking the operation. 

For several reasons turbines have fallen off in efficiencv and 

a^dav ™?ter, we can determine that within 

makLSTet'i f ^ standard conditions of 

“lar“e oeriod S A prefer a test covering 

instramfut^ '^ays or a month—with our 

instruments checked by the regular operating force. 

. O. MaiUoux: I have designed plants where turbiupt! hmrp 

been used. I want to emphasize the point TadJ Dunu 

in regard to the advisability of se<meo-ation tpqt<= 

at least two eaperienoea wJch wSteftL'tsirab^ 
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In 1906 I was a member of an expert Commission, consisting of 
three men, sent to Europe, for the purpose of making a general 
investigation of the entire subject of steam turbines aM tuib - 
crenerators. In the course of our peregrinations tpoUoh the 
various countries of Europe and through the various shops vjere 

turbines were made—that is, at least so far as we ? ^ , 

into them—we found a remarkable diversity of opinion as to the 
relative merits of the turbo and the dynamo part. It a 

great deal of difference as to whether we were speaking to the 
designer of the turbine or the designer of the dynamo. If we 
werlspeaking to the man who designed the turbine, the aynamo 
was blamed for all the trouble; and if we were speaking to the 
man who designed the dynamo, the turbine was blamed for all 
the trouble. The other instance where it was desirable to 
seoarate the losses in the turbine and the dynarno, was a case 
w'here I purchased a turbine in Europe to be used in this country 
bv a client. The turbine w^as bought, subject to tests in Europe; 

and when it came here we repeated the tests. We ,, 

ful discrepancy. It was hard to believe that the machine could 
hive deteriorated so much in merely coimng across he oceam 
Yet it was difficult to put our finger on the ^^ak, owing to the 

difficulty of making a test of such part of 

I agree with Professor Robb in regard to the length of time 
necessarv to make a test after steady conditions have been ob 
tained "l have oft-times taken the results of a test running 
from four to eight hours, and cut it into port.ons 

three hours, in order to see whether the “ ^"jS^Jted fS 

a portion of the time would differ from the ^ ® 

the wffiole time under uniform conditions; and I think, as 
fessor Robb does, that a period of one hour ^ 

ditions might be sufficient, particularly i 'irarious 

means as with a flow meter that is net open to vanous 

S^S’and with them I think we could make tef “ ^ 
time. In other words, we could make them b> comparing, 

instruments—input and output. ^ ^ 

Srn^fS’oVSEI he avoided 

” T£Tdo?15i“5'luch a principle I am, afraid -uld in.r^um 

grave errors in the Sfetof the time-integral 

generator unit is a duration test, tnereiuic nutout. 

of the output should be measured and no exnerience 

This is especially important because, as fm“ will 

no matter how careful arrangeinents a , ■ ’ a „„ oncurate 

fluctuate. It is true that the f 

an instrument as an indicating wattmeter, f ® 
fmeertained accurately. Furthermore, the errors due to 
Sffn the S are far greater than the error in the watt-ho^ 
Si Both InsSfmenS, the indicating watt-meter and he 
Stionr meter should be in the ciromt simoltaneensly, the 
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indicating instrument serAung as a check on the integrating 
instrument under the conditions given. 

E. W. Yearsley: The steam flow meter is such a convenient 
means of measuring steam consumption, that it is important 
to knoAA^ its approximate accuracy under various conditions. 
This paper refers to these meters in a general way. I should 
like to hear further expressions of experience regarding suitable 
circumstances and necessary precautions in the use of such 
meters. Within what percentage are they correct for measuring 
turbine consumption? Are they satisfactory if connected in a 
turbine branch, which is taken from a main steam line carrying 
reciprocating units in the immediate vicinity? How are they 
affected by the varying pressure of an exhaust steam line in a 
mixed flow turbine? Is it necessary to calibrate such meters 
when used to measure reciprocating engine consumption? 
What is the comparative accuracy of the Venturi and nozzle 
plug t 3 ^pes for continuous and intermittent flow? Are the re¬ 
cording meters as accurate as the indicating meters? Do these 
meters retain their accuracy after operating for some time 
subject to considerable vibration? 

E. B. Rosa: I have had no experience in testing turbo-gen¬ 
erators, but AA^e have had some experience at the Bureau of 
Standards in testing the instruments used in the electrical mea¬ 
surements made in such tests. We are very much pleased with 
the instruments that are being furnished by the best manufac¬ 
turers for such purposes. If they are properly tested and cali¬ 
brated, they are frequently more accurate and reliable than one 
would anticipate. Particularly is that true of potential trans¬ 
formers and current transformers. If they are properlv cali¬ 
brated, they are very reliable, and are indeed instruments of 
precision. The transformers are, perhaps, more reliable than 
the instruments used in connection with them, but the instru¬ 
ments used in connection with them may t>e trusted to give 
very good results, indeed. 

If the results of a test are to be reliable to 2 per cent, each one 
separate errors must be kept as small as possible, 
and that makes it necessary to use accurate and reliable instru- 


evening, and have had no 
a ^ ^®^rd the greater portion of 

p^st commend the discussion which is 
^ electncal measurements to be made in such tests, 
prl particularly like to speak about the shunts. There 

I Lv^kr,^^® many people using them imagine. 

staS^zahl for cafeful 

SSd tests were over, whereas if they had been 

te£d both heW u® should be 

xesrea Doth before and after, as Professor Robb has said 'Rnf 

deSv'tSt thm'fff «®- 
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The distribution of the current in the shunt is important, and 
the. heating of the shunt is also important. If they are to re¬ 
main in circuit during the run, carrying heavy load, they become 
heated, and obviously the effect of such heating should be 

definitely known. n 

L. T. Robinson: There are a few things I would like to 

refer to. The principal point in^writing about measuring the 
electrical output was to emphasize the advantage of re ying 
upon indicating instruments rather than watt-hour nieters, 
w^hen the most accurate results are demanded. Referring 
some remarks that Mr. Hodgkinson made, I think he seemed o 
feel that the listing of so many precautions was ^ 

flection on the intelligence of engineers in general but i wou 
say that considerable experience with what actually does happen 
makes more careful attention to details desirable in many cases. 

It has been my experience that tests are either left to a steam 
engineer or to an electrical engineer, and in some cases the 
other end suffers. That is, if he is a good steam engineer e 
gets the steam end all right and takes whatever is han y, an 

makes the electrical test with it. t i 4 - + 1 ,^ 

With reference to Professor Robb s remarks, I think that the 

endorsement of the instrument transformers given by r. osa 

needs no further comment from me. ^ ^ i j. j 

With reference to the provision for inserting portable standaras 

for tests in connection with switchboard, instruments and 
meters I feel that this is something which will be brought about 
sooner or later. It would be very desirable to have such ar- 

With reference to Mr. Dreyfus remarks, I think any dif¬ 
ference of opinion that might be apparent are due more to mis¬ 
understanding than anything else. 

I did not intend to bring out—and I don t think Mr. Dickinson 
did—that accurate testing is something which can not be done, 
but rather that it is somethmg which is bei^ done nght alon,,, 
and the agreement obtainable between different test runs 

about the same as that which he refers to. f 

With reference to meters correct within two per cent of ac¬ 
curacy—the Public Service Commission requirements the 
whole paper is based on 2 per cent not being good enoug ■ 
With reference to Mr. Pickier’s remarks about using the watt- 
hour meters, it is simply a misunderstanding. 
jection to the use of the watt-hour meter ^ 
and therefore corrected for all the errors 

it in use. But it is not in the same class as the portaMe ind 
eating instruments, one being about five times as accurate as the 

other, to express it in terms of percentage. _ ^ 

I. E. Moultrop (by letter); Messrs. Dickinson and Robinson 
have very clearly outlined the essential features of commerce 
testing of steam turbo-generators. There is nothin^ m the 
paper which is new to the engineers of large power plants who 
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have had to do considerable testing of this kind, still I think the 
authors might have placed more emphasis on a number of their 
recommendations. 

The absolute tightness of a surface condenser is important 
and very difficult to determine when fresh circulating water is 
used. Also when the condensed steam is weighed, the tempera¬ 
ture of the water should be taken. When the water rate of the 
turbine has to be determined by ’weighing the boiler feed the 
possibility of error is great and much care must be taken to 
eliminate such errors. 

It is not easy to accurately measure the vacuum; the mercury 
column should be carefully checked and if possible the mercury 
should be boiled out before the test. All thermometers should 
have the same stem exposure as that under which they were 
tested. 


I am surprised to see the steam flow meter so highly en¬ 
dorsed and wonder if its advocates would accept a test which 
showed by a steam flow meter only that the turbine failed to 
meet the contract guarantees. 

The authors in their conclusion could well have emphasized 
the importance of insuring the accuracy of the electrical mea¬ 
surements, for I believe the liability of error' in commercial testing 
is greater in this respect than in any other. I wish to endorse 
the recommendation that for commercial purposes a turbo¬ 
generator should be only tested as a combined unit and under 
the same adjustm.ent it will have in regular station operation. 

A very good check on a test of this kind is to work up the 
readings^ and plot^ the results as the test progresses, as many 
errors of observation become apparent at once and can either 
be corrected or the test can at once be repeated. 

I think a little consideration of their paper will indicate that 
there are many power users who would find it difficult to make a 
satisfactory and reliable test on a new steam turbo-generator 
either on account of their operating conditions or by reason of 
the expense involved. As the manufacturers usually run the 
machine under steam before making shipment it should cost but 
httle more to find a way to load the generator and make a com¬ 
plete test on the machine before shipment. If this were done 
correction could be eliminated because the steam pressure and 
temperature, the amount of vacuum, etc., could be made to 
agree uuth the terms of the contract. The load could be held 
steady and at unity power factor and a trained testing force em- 

f d to the reliability of the results. I 
tTf?’J? f f ’ recommendation of Mr. Eglin 

at thrir be prepared to make acceptance tests 

at tneir factory if requested by the purchasers. • 

In a plant of considerable size I believe there should be nerma- 
nent testing facilities and periodic tests should be made on all 
pnme moyp. Steam turbines are much less liable to fall off in 
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The Edison Electric Illuminating Co. of Boston has such 
an equipment in its L. St. Station. It consists of a pair of large 
steel tanks each set on a platform scale in a room adjacent to 
tine turbine ^room. A pipe line runs from these tanks to the 
condensed steam discharge of each turbine so that the manipula¬ 
tion of a few valves will divert the condensed steam from any 
tiarbine into these tanks. In the switchhouse a cell is equipped 
with special instrument transformers and arranged so that care¬ 
fully calibrated test instruments can be readily installed in series 
with the regular switchboard instruments. By this arrange¬ 
ment a very good routine test can be made by the operating 
department at any desired time without interfering with the 
operation of the station, and at a slight expense. 

E. D- Dickinson: It seems to me that the chief point of dis¬ 
cussion this evening, with regard to this paper was the segre¬ 
gating of the turbine from the generator, and the remarks of 
Mr. Hodgkinson covered this rather completely. That is, if 
tnxrbines are to be built and sold by themselves, the most ac¬ 
curate and positive method of testing is to build some device 
to measure the output of the machine to the satisfaction of 
every body, before it leaves the factory. Where turbines are 
built and sold with generators, it is the over-all efficiency of the 


mnit that is of interest. 

There were several questions asked, relative to the reliability 
of the flow meter after it had been in service some time. If I 
ircmeiTiber correctly, the gist of all wasj is it an accurate device 
which can be put in the circuit and left there for a long period? 
We have had some of them, that were little more than laboratory 
iTieters, in service a long time, and they are as accurate now as 
when put in. Inaccurate indications will sometimes be caused 
by the holes in the nozzles getting clogged, but these are easily 


cleared. 

Perhaps I did not understand Professor Robb in his remark 
about the use of valves for disconnecting certain sets of boilers, 
in order to make tests by weighing the water fed to those supply¬ 
ing steam for the turbine under test. We have hearf of cases 
where valves separating different' boilers and thought to be tight, 
were found after the tests were completed, not tight, ihe re¬ 
sults were therefore valueless and the money spent had been 

"^T^wish to call particular attention to the communication from 
Mr. Moultrop in w'hich he shows that accurate tests may be 
made in power stations, and at comparatively smah expense. 

The importance of being able to know at any 
ciency of apparatus in service should be sufficient to bring about 
a more general adoption of similar methods. 
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TUNGSTEN LAMPS 


by G. S. MERRILL 


The perfection of the tungsten incandescent lamp ^ ^ J 
efficient means of converting electrical energy mo “ 

made it a subject of great commercial interest, 
lamp has reached in a comparatively sho ^ 

position in the field of artificial illummants It de 

veloped for multiple use on ^X^fdocoraL^ 

250 volts, for series street lightmg, low voltage decorat , 

display and train lighting, and for many ^ g, 

commercial success in all these vanous 
ness to its merit as a convenient and efficient 
tion and its production and characteristics 

worthy of consideration from an . ’ i „ _ 

A discussion of the historical side of the high-e c y 
development is very interesting, but as this can J 

covered in current technical papers it perhaps is 
to review the line of eKperimental and research work which 

produced the modem high efficiency lamp. 

Lry to describe the several different processes 
experimenters have produced tungsten 

too can be found thoroughly covered m connection with the 

historical development. . . tt -+ 0 ^ to-dav 

The process most widely used in the United States to y 

is one which starts with the purest 

obtainable as its basic material. Tungstic acid is “ 

mercially from the ores 

scheelite, a calcium tungstate, and hubnente, an oxide of tu g 

«ud manganese The tungstic acid as received by the lamp 
and manganes . heavy yellow colored powder 

in annfacturer is in the form 01 a y y 

1709 
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and notwithstanding its purity has to undergo a most thorough 
further purification and special treatment in order to reduce it to a 
fine yellowish powder which possesses a slight porosity. This 
peculiar physical condition is necessary for the successful re¬ 
duction of the oxide, which can be accomplished in several dif¬ 
ferent ways perhaps most easily by heating to redness in a cur¬ 
rent of hydrogen. Tungsten as used in steel making is reduced 
from the oxide b 3 " heating with carbon in crucibles, but the re¬ 
sulting metal is not pure enough for the manufacture of tungsten 
filaments, which are seriously affected by the presence of com¬ 
bined carbon. It is also possible to reduce the oxide by heating 
with metallic zinc, the two substances being in a finely divided 
state and thoroughly mixed before heating. 

The tungsten as obtained from the process of reduction em¬ 
ployed in lamp manufacture retains the physical characteristics 
of the oxide inasmuch as it is finely divided and slightly spongy. 
The metal in a mass has a bright metallic luster resembling 
platinum. In the powdered state it is grayish black or dead 
black depending upon the fineness of the pow^der and the tem¬ 
perature of reduction. 

After obtaining this very pure metallic tungsten, the next 
operation is to mix it with a binding material in order to form a 
plastic mass that may be squirted into the fine threadlike fila¬ 
ments. Various substances can be used for this purpose but 
some compound of carbon, oxygen, and hydrogen such as starch, 
sugar, camphor, etc., is usually employed. The metallic powder 
w en mixed with such a binding material has somewhat the 
consistency and appearance of black putty. It is absolutely 
smooth and uniform and it is impossible to detect the slio-htest 
gram. This paste, as it is called, is placed in a small steel cylin¬ 
der and forced, by a pressure of about 32,000 lb. per sq in 
through a small diamond die. 


The die used in squirting tungsten filament consists of a 
suita^bly mounted diamond of from one-half to one carat in 
weight through which a very minute hole has been drilled. In 
t e smaller dies used to-day this hole is only about 0 0014 in 

" r "r The hole is 

that It s !s fle fine 

that is as flexible as a hair and, as can be imagined, the drill- 

Sw -SI. 

thp ^ mounted in a steel casting in order to hold it against 
the enormous pressure used in squirting the filament. 
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Under such pressure the abrasion of the die even by the smooth 
tungsten paste is very rapid. This abrasion is a serious matter 
as the diameter of the hole, and consequently that of the fila¬ 
ment squirted, constantly increases. Moreover the abrasion 
is not unifoi-m, so that the hole enlarges more rapidly in the 
direction of one diameter than of the other, assuming when 
worn an elliptical shape. After enough filament for about 
1,500 lamps has been squirted, it is necessary to have the 
die rebored, an operation which costs almost as much as the 
original die. A die cannot be rebored more than twice before 
it develops cracks or fissures which cause it to break. The next 
hardest material, sapphire, has been expenmented with as a 
material for these dies but it is foupd that such a die is very 
liable to split and that it will hardly make 100 lamps before it 


The filamentT after squirting, has been likened in character 
to a filament of putty, that is, while holding its form w^ell and 
being flexible to some extent, it is liable to break if bent sharply. 
The filament as squirted is looped back and forth on cards^ and 
after being allowed to dry is cut to form a number of single 
loops much as they are seen in the finished lamp. 

The next operation is to heat the filaments in an inert gas, or 
in one chosen to act upon the particular binding matenal em¬ 
ployed, until they reach a red heat which removes any moisture 
and lighter hydrocarbons that may be present. Each filament 
is then mounted in current conducting clips so that it may be 
heated by passing an electric current through it. During this 
final heating or forming, as it is termed, the filament is sup¬ 
ported vertically with the loop downward. A very small weight 
(a few milligrams) is hung in the loop to prevent the filament 

from being distorted in shape during the heating which is usually 

performed in either an inert gas or in a very good vacuum, the 
gas, if used, being again dependent to some extent on the 
binding material employed. The temperature of the filament 
is raised gradually, allowing time for the proper reactions and 
physical changes to take place. During the heating, the energy 
input into the filament rises to about fifteen times that finally 
required in the lamp, and while some heat .is earned away by the 
forming gas the temperature is undoubtedly much higher than 

that reached in subsequent operation. . , + 

Every trace of binding material is driven out, and the filament 
when finally brought to a sufficiently high temperature undergoes 
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a sudden and marked contraction in diameter and length as the 
small semi-molten particles become soft enough to merge into one 
perfectly homogenious mass. A piece of such filament under a 
microscope resembles a drawn wire and while the surface is not 
perfectly smooth there is no indication of a granular structure. 

At a dull red heat any good tungsten filament is flexible enough 
to be bent as desired but when cold is somewhat fragile. For 
this reason it is a good thing if possible to light tungsten lamps 
while cleaning them, the chance of mechanical breakage being 
then minimized. Lamp packages have been devised that 
eliminate a considerable amount of breakage that would result 
from rough handling so that, if the lamps are left in the original 
cartons until placed in service, and handled with even ordinary 

care, the question of breakage will be found to be of little im- 
portance. 


In order to secure a uniform quality of filament, which is abso¬ 
lutely necessary for good lamp making, every step of the entire 
process of production even to the smallest detail must l)e car¬ 
ried through with exactness. For example the rate at which 
the temperature of the filament is raised during tlie forming 
process has a most important effect on the final filament struc¬ 
ture, and must be carried out with extreme care in order to 
assure a perfectly unifonn run of filament. 


After forming, the filaments are mounted upon the familiar 
glass supporting rod as seen in the finished lamp, and the joint 
between each leg and the supporting and conducting terminal 
made by electrically welding the filament to the su|)port. This 
m^es a very perfect joint both electrically and mechanically. 

The material used for the hooks and supporting wires affects 
the performance of the lamp to a consideraT)le extent. Soft 
copper is used extensively for such supports, also, to a somewhat 
lesser extent molybdenum, tungsten, tantalum, thoria, carbon, 
platinum, indium, or other refractory materials. Soft copper 
does not alloy with pure tungsten and moreover occludes but very 
httle gas so that it makes a very satisfactory fonn of supporting 


he process of producing a high vacuum within the bulb of a 
ungsten lamp is a great deal rnore laborious than in case of the 

+t!- necessary, in order to produce a good lamp, 

and this applies to carbon and other types as well, to remove 
very trace of gas, not only that actually free at the time of 
pumping but that which may later be liberated from anything 
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within the finished bulb. A good lamp vacuum is only possible 
through the use of very perfect exhausting machinery and 
through subjecting the entire lamp, filament, glass, and other 
parts to a proper heat treatment, during the pumping process. 
The heat treatment tends to drive from the glass walls and other 
surfaces exposed within the bulb the particles of air which cling 
to them in a thin film with surprising persistence. A glass bulb 
pumped while cold will apparently reach a high degree of ex 
haustion at the end of the pumping process, but, if left standing 


for some time, will be found to possess a very poor vacuum as 
judged from that required to insure good lamp performance. 
This is due to the gradual liberation of particles of air which, 
during the pumping, cling to the interior surfaces. The filament 
is heated intensely by passing an electric current through it 
while on the pump in order to drive from it and from the sup¬ 
porting wires, which are heated by the incandescences of t e 
filament, any occluded gas which may later be freed from these 
parts and thus spoil to a certain extent the perfect vacuum re¬ 
quired for successful operation. During the pumping process 
the filament temperature must be regulated with great care, 
the temperature being raised gradually as the bulb becomes 
evacuated. If, for example, the temperature should be raised, 
too quickly, a thin film of oxide will form on the surface of the 
filament which, although entirely removed by a further nse in 
temperature and higher degree of exhaustion, will have been 
found to have caused a slight’ change in the character of the 
surface of the filament, altering thereby its emissivity and radi¬ 
ating properties and injuring its subsequent life perforaiance. 

After pumping, the lamps are given an exhaust inspection 
and aging by burning at a certain percentage over voltage, if 
during this inspection any lamp develops or shows a bluish ^lor 
or haziness within the bulb it is an indication o impe ec 
vacuum and the lamp is rejected. The period of T^^ming an 
per cent over voltage depends somewhat on the size of the lamp 
but in every case has been chosen so that if a lamp is a a i e y 
to develop a poor vacuum it will be disclosed on this mspectiom 

The glass work required in making the tungsten lamp is, wi^ 
the exception of the center glass stem, practically the same as in 

the other types of incandescent lamps. 

I have now covered in a general way the process of Producing 

the tungsten lamps, and have I hope given some sig 
as to the care required in such production. In or er o s 
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the perfomiance of the lamps in subsequent service, I have 
averaged the candle-power life curves of 50 40-watt tungsten 
lamps which were burned on life test at constant voltage cor¬ 



responding to an initial consumption of 1.25 watts per mean 
horizontal candle-power. The curves in Fig. 1 s'h,ow the change in 
candle-power, current and efficiency during the period-of • testy 
which w'as stopped at about 1,400 hours. In order to show the 



Fig. 2. Mortality curve of 40-watt tungsten lamps 

" - , ' I, ■ 


life performance, a curve is given showing the per cent of lamps 
w^ich were burning at the end of various periods of time. 
These curves. Fig. 2. are the average obtained from 80’40-wdtt 
lungsten lamps burned under same conditions as the prtevious 
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Fig. 3.—Unmounted tungsten 
filament 


Fig. 4.- 
hr.- 


-25-watt tungsten- 
-alternating current 


-400 



Fig. 5,—40-watt tungsten—ISO hr. 
—alternating current 


Fig. 6.—25-watt tungsten—1400 
hr.—alternating current 




Fig. 


-40-watt tungsten—898 
-alternating current 


—40-watt tungsten 2190 
’ hr.—alternating current 


Pjq. g^-^O-watt tungsten—300 
—direct current 


Fig 10.—40-watt tungsten 3000 
hr.—direct current 
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tungsten— Fig. 12.—260-watt tungsten— 

4UU nr. alternating current 2000 hr.—alternating current 



Fig. 13.— Tungsten—Street series 
2000 hr. 


Fig. 14.—Tungsten—street 
—3349 hr. 


series 



Fig. 15.—80~watt tantalum—50 
hr. alternating current 


Fig. 16.—80-watt tantalum—400 
hr.—alternating current 



Fig. 17.—40-watt tantalum—-800 
nr. ^alternating current 


Pig. 18.— 80-watt tantalum— 948 

nr. alternating current 
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Fig. 19.—SO-watt tantalum- 
hr.—direct current 


Fig. 20.— 80 -watt tantalum 455 
hr.—direct current 


Fig . 21.—SO-watt tantalum 

1058 hr.—direct current 


Fig. 22.—Gem—S41 hr. 



Fig. 23.—Carbon—50cS hr. 


1 9 !=; wntfq Ger CP About one half of the lamps 
test i.e., at 1.2o watts per c.p. the others in a vertical 

were burned in a horizontal position and the others i 

position, tip downward. These tests were stopped at 

of 2.000 hours. during life is rather 

The change in appearance of the J ^rom 

interesting, and some illnstraticns shoL 

tops which had b.med for varrons 

in Figs. 3 to 33. For 

well as filaments from a gem and trom a cai 
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1 li6 relation between candle-powder w^atts, amperes, ohms, 

\ olts and w atts per candle is showm by the characteristic curves 
of tungsten, Fig. 24. 

For the normal range of operation these curves can be expressed 
in the form of parabolic equations a few of which are as follows r 
Let C = candle-powder. 

e = efficiency in w^atts per candle. 

V == voltage. 

IF = total Wyatts. 


then 


WATTS PER C.P. 






approximate values of exponents 



a 

! b . 

wx ^ .1 

1 d 

1 

1 

Carbon. 

1.58 

i 1 

1 5.55 

! A On 

' 2.05 

Gem. 

Tantalum. 

Tungsten. 

X m O i 

1.67 

1.75 

4. OU 

4.35 

3.68 

i 1.75 
1.74 
1.59 


I 


cibon 

, « m and tantalum as well, for purpose of comparison. 
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A series of values sl>o™S ‘>®‘''’“V'°u'‘°"?,talaS^ 

power variation for the four types of lamps hus be® oalcutattd 

Ld shows the great advantage which the 

lamps, paiticnlally the tungsten, possess over the carbon Ian p. 

__ _ \ 


Per cent change in candle-power 



An increase of 6 per cent in the voltage of a carbon lamp 
increases the per cent candle-power as much an 
9 per cent in voltage of the tungsten lamp, 

lamp 10 per cent under voltage^drops “ ^ normal. For a 

only as much as a carbon lamp ( per cen 

circuit where the regulation is poor, T variation in 

found to give much better satisfaction as ar as vanat 

candle-power is concerned than the car o ^ various 

The size and length of filament volts 

candle-powers and vdtagesj^^^^^ con^i^^^^ ^ 

the size and len t ^ 25-watt lamp to a diameter of 

rTnnfin^-'^^ and a total len<dh of 37.56 in. for a 250-watt lamp. 
0.0060 in. and a total 46.5 ohms per mil- 

The specific resistance of tungsten 

inch at a temperature corresponding « mil-inch, at 

about 9 per cent of ^ 

ordinary roorn temperature^ , vTlue of the starting current 

a good deal of iscussi tungsten lamp and its 

obtained upon closing the circuix oi 

'“?iT“s««u“VSvtioul„ impoumucs wh» fhe lamp, a„ 
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turned on and off continuously, as for example in flashing sign 
work. We have obtained experimentally the cooling curves of 
several sizes of tungsten lamps, which ai'e shown herewitli, plotted 
as resistance against time, Fig. 25. As would be ex|)ectc(l, the 
larger lamps cool much more slowly than the smaller ones, as 
shown by the drop in resistance. It takes the 250-watt lamp, 
burning at 1.25 watts per c.p., 58 seconds after being turned 
off, to fall to 200 per cent of its initial cold resistance, wliile it 
takes the 60-watt lamp only 20 seconds, the 25-watt lamp about 
11 seconds and the small low voltage sign lamp a little over six 
seconds. The filament of the latter lamp is actually Iieavier 
than that of the 25-watt lamp, but, being much shorter, cools 



more lapidly by comluction of heat by the terminals and anelior, 
n ordinary flashing sign work, four seconds can be assumed as 
an average penod of flashing; this would allow the sign lamp to 

diop to only LoO per cent of its cold, resistance l.)etwcen llaslies. 
or the ratio of hot and cooling resistance when flashed in tins 

way would be a^liout one to four. This would act to greatly re¬ 
duce the over-shooting effect. 

From tests conducted on a few lamps flashed at various in- 

'la T flashing will have no injurious 

effect on the lamps in regard to life performance 

the^tm'"! H- ""T ®‘«nifacturing 

OUT lamp and a few of its characteristics we may turn 

our attention to the reason of its high efficiency. 
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A body at any temperature other than absolute zero^ will 
radiate energy in all wave lengths from zero to infinity, having a 
maximum radiation at a wave length which vanes with the 
temperature. At low temperatures the actual amount of energy 
radiated is very small, and beyond narrow limits on either side 

of the maximum is infinitesimal. ^ ^ 

The general distribution of energy so radiated is shown by t e 
curves in Eio* 26 The total amount of energy radiated in a 
civen time is“ represented by the total area under the curve and 
Ls been found to increase as the difference of the fourth powers 
of the temperature of the radiating body and the temperature 
of its surroundings. Not only does the actual rate of energy 



radiation vary as a function of the temperature, ® 

in which the energy is radiated also changes. T 
takes place as shown by the shift in the maximum pom o 
curves plotted for the radiation of a body at different tempera¬ 
tures. The radiation from most bodies follows a very ^ 

law and has been thoroughly investigated only for a comp 

radiator or theoretical black body, Is 

curves shown. The same general law holds for other bodies as 

well as the theoretical black body considered. 

Referring to the energy-wave length curves the area u 
the curves represents the total energy radiated by the body at 
the several temperatures. The visible spectrum which mcMes 
only the wave lengths capable of excitmg the retina of the y 
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represents but a small portion of the total range of radiation 
and the energy radiated in the visible spectrum represents a 
still smaller portion of the total amount of energy radiated. 
The ratio of the energy radiated in the visible spectrum to the 
total energy radiated is an indication of the luminous efficiency 
and since the maximum point of the energy curve shifts toward 
the visible spectrum, as the temperature rises, as shown by the 
dotted line, the luminous efficiency increases with the tempera¬ 
ture. 

It we could secure a black body capable of operating at ex¬ 
tremely high temperatures and a means of producing such tem¬ 
perature we would find a limit to our efficiency of light produc¬ 
tion at about 5000 deg. absolute at which point the maximum 
of the energy curve would coincide with the maximum of the 
sensibility cur\^e of the eye at about the middle of the visible 
spectrum. If the temperature could be raised still further the 
luminous efficiency would decrease, as the maximum of the 
energy curve would then move toward the ultra violet. Conse¬ 
quently we see that under ordinary conditions we can raise the 
luminous efficiency of a body by raising its temperature. In 
the attempt to secure high luminous efficiency by this means we 
are limited by the possibility of producing a substance capable of 
maintaining a high temperature without disintegration. 

There is another important property of some substances which 
has made the present high commercial efficiency of the metallic 
filament lamps possible. The property referred to is that of 
selective radiation in the short wave leno'ths 

\\ e have used the term black body or complete radiator to 
describe a body which will radiate at any temperature a maximum 
amount of energy in every wave length. Such a body would also 
be a complete absorber and would therefore absorb all energy 
incident upon it. A body, which is not a complete radiator, 
will at a given temperature radiate less energy in each wave length 
than a black body at the same temperature. If the energy 
radiated m each wave length is reduced by a constant propor¬ 
tion the ratio of energy radiated in the visible spectrum to the 
total energy radiated will be the same as that of a black body and 
t e luminous efficiency would be the same as that of a black 
body at the same temperature. Such a body is termed a gray 
body, and in place of absorbing all energy, which falls upon it 
It would reflect a constant percentage of each wave length. 

a body not only radiates less energy than a black body at 
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the same temperature, but in addition radiates a relatively lar^r 
proportion in one part of the spectrum than in anothep co - 
pared to the black body it may be said to radiate selectu ely 

that part of the spectrum. If the body 
in the short wave lengths the luminous efficiency will be h 
than that of a black body at the same temperature. We would 
expect to find in the case of such a body that the absorption of 
enLgy would not be the same for different v^ve to ^ 

the body would absorb a greater proportion of those wave 
lengths which it would radiate selectively when heated, 
comparison of the reflecting power at different 
for different substances is very interesting in showing how it is 



possible to gain in efficiency of light per- 

materials capable of selective from several 

centage of energy of vanous wave len^t xeflecting 

different substances. A black body would have zero mflect g 
power throughout, a gray body a constant per ^ent throu.to^^ 
while a body capable of selective radiation a vmy ^ . P 

All the metals shown here have a tendency ^ 

i„ the visible specttum then .. Vse,..atly 

reflecting power “es to ^ j ^ spectrum, 

since radial relatively more energy 

they would, ^heiv heated t 

is the same part of the s pecrrum, a ^- 

*Data from Landolt-B8rnstein. Physikalisch-Chemisoie a e ea. 
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to be more efficient luminous radiators than a black body at the 
same temperature. The relative percentage of energy in the 
visible spectrum to total energy at different temperatures can 
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Pig. 28. -Selective radiation of platinum 


be represented roughly by the ratio of the ordinate of the energy 
curv^e at 0.55 micron in the visible spectrum to the maximum 
ordinate. The curves shown in Fig. 28 indicate this ratio for 
various temperatures of a black o. 
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body, and of platinum, showing ^ 
the selective radiation of plati¬ 
num in the shorter wave lengths. 

While the curves for tungsten are 
not available they should pos- i 6 
sess the same general character- >• ^4 
istics as the metals shown. > 

Another way of showing the | 
selective radiation is by means 
of actual energy curves taken ^ 
through the range of principal e 
radiation. Fig. 29 shows a series 4 

of curves determined by the 

Bureau of Standards showing the ^ 

energy distribution of various 1 . 2.4 .e .s 2:2 a J .8 s/m. 

mament materials when operated -p wavelength 


nf ‘Radiation Constants of Metals”^~T;in;F-- 

of Standards, Vol. 5, TsJo. 3 ’ -Dulletin of the Bureau 
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be shown that the temperature of the tungsten filament in this 
comparison is at least as low as that of the carbon filament so 
that, under actual working conditions, the difference between 
the energy curves would be still-more striking since a further 
gain in luminous efficiency is made possible by the higher normal 
operating temperature of the tungsten filament. 

High commercial efficiency of incandescent lamps cannot be 
expected to result from high temperature alone but from a 
combination of high temperature with a property of selective 
radiation. The possibility of operating a filament at a high 
temperature is a very good feature but the disintegration of the 
filament, which increases more and more rapidly as the tem¬ 
perature rises places an upper limit on the temperature at which 



Fig. 30. —Pressure-temperature diagram 


it is possible to operate a filament and still obtain a commer^l 
life, so that we cannot look to high temperature alone for a sdu- 
tion of the problem. The temperature at which it is poss 
to operate a filament, and secure a reasonably long 
not so much on the melting point as upon the ability to withsta 

surface evaporation in a high vacuum. in 

The conditions that exist in a lamp of ® . pc+ino- 

regard to melting and vaporization are ' 

If we plot a pressure temperature diagram, for any substance 
we find that the three states of the substance wfil be r^prej.tod 
by three areas bounded by three curves which ™ ““‘J caU 
in speaking of water, the steam line, the ice line and the 
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line. See Fig. 30. The intersection of these three curves gives 
us the location of the “ triple point ”, or the pressure and tem¬ 
perature at which it would be possible to have the substance 
existing in these three states at the same time. 

In an incandescent lamp bulb the pressure is exceedingly low, 
something of the order of 0.001 mm. of mercury, so that we 
may believe while not being able to prove conclusively that at 
normal operating temperatures of the filament we are working 
on a part of the diagram below the triple point, there would 
therefore be a tendency for the material to evaporate slowly 
from the filament surface, as it apparently does. That tlie 



temperature of commercial operation is not dependent upon tlie 
actual melting point may be shown by the rapid diHintegra,t,ion 
of a carbon filament if operated at the normal temiierature of 
a tungsten filament in spite of the fact that the true mtdf.iiig 
point of carbon is probably higher than that of tungsten. 

The tungsten lamp is, because of its selective radiation and 
higher filament temperature, superior to the older types c,f in¬ 
candescent lamps in the quality of its light. Umler normal 
wor mg conditions the tungsten favors the shorter wave lengtli.s 
t rough the visible spectrum, giving relatively more Idnc 
radiation than the carbon lamp for an equal amount of red. 'I'he 
accompanying curves. Fig. 31, show the relative amounts of red. 
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green, and blue in several types of lamps compared to daylight. 
The tenn, daylight, as ordinarily used is rather indefinite, as 
the proportion of red, green and blue in the light from a cloudy 
sky is different from that of a clear blue sky, which, again is 
different from that of direct sunlight. The comparison in this 
case is made to average outdoor daylight, as obtained from careful 
observation over a considerable length of time, and which is 
represented as 100 per cent red, 100 per cent blue and 100 per 
cent green. 

I have drawn two other curves, which may be taken to repre¬ 
sent the composition of light as it actually may exist in interior 
daylight illumination. Due to the reflection from surrounding 
objects, both without and within, it is usual to find the light 
in a room possesses a markedly different composition from the 
average light received directly from the sky. 

An object in a room in day time is illuminated for the most 
part by light reflected from the walls of the room,, except, of 
course, if it is directly in front of and close to a window. At 
night, with an artificial source of light within the room, the ob¬ 
jects are illuminated for the greater part with light directly from 
the artificial source. The artificial source of light should there¬ 
fore be of such character as to illuminate the objects in the room 
by its direct rays with a light of the same average quality or 
color value as that which illuminates them by diffuse reflection 
from walls and furnishings during the day. The nearer the color 
curve of an illuminant approaches that of the average interior 
light of a particular room during the day the more natural will 
the room appear if illuminated with such a source of light. 

The question of frequency and flicker is one which often arises 
in connection with the use of the tungsten or other high-efficiency 
lamps on low-frequency power circuits. The candle-power of an 
incandescent body varies with the temperature. The tempera¬ 
ture depends upon the relative rate at which energy is put into 
the filament and the rate at which it is dissipated by radiation, 
conduction and. convection. When the energy is supplied at a 
changing rate, as by an alternating current, the temperature 
will fluctuate in synchronism with the power wave, or at double 
the frequency of the supplied e.m.f. ^ The amount of variation 
in temperature during one cycle will depend upon the res- 
sistance temperature coefficient of the filament, its mass, diam¬ 
eter, specific heat, emissivity, and upon the wave shape and fre¬ 
quency of the energy supplied. If the frequency is low enough 
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the temperature will fluctuate over wide limits. The amount of 
temperature fluctuation decreases greatly as the frequency 
increases, due to the thermal capacity of the filament. When 
the frequency of the electric circuit reaches about 25 to 27 cycles 
the flicker of most incandescent lamps giving usual intensities of 
illumination becomes imperceptible, although, it may in some 
cases be detected momentarily by rapidly moving the eyes from 
one object to another. The flicker effect at a given frequency 
will be more noticeable with a thin filament than with a heavier 
one of the same material since the quantity of heat contained 
at a given temperature varies as the mass or diameter squared, 

while the radiating surface varies only as the diameter to the 
first power. 

In comparing tungsten and carbon filaments of the same 
diameter we must bear in mind that the higher specific heat of 
carbon tends to maintain its temperature more nearly constant 
with varying power input than in the case of the tungsten, while 
its higher emissivity tends to produce a more marked variation. 
Since, however, the diameter of a tungsten filament is less than 
that of a carbon filament for same voltage and candle-power, the 

carbon lamp is actually found to show a less tendency to produce 
visible flicker. 

The question of flicker further involves the ability of the eye 
to detect a rapid variation in luminous intensity and it has been 
shown that the eye becomes less sensitive to the effect of flicker, 
as the average intensity of the illumination decreases. We have 
found, from experimental work, which is as yet not complete 
enough for more extended discussion, that the critical frequency 
at which it is possible to detect flicker varies as a function in¬ 
volving the product of the average intensity of illumination 
and the per cent variation in intensity. Thus the question as 
to whether a given lamp will show a flicker when operated at a 
certain frequency depends a great deal upon the average inten¬ 
sity of the illumination produced. 

If we judge the flicker of a lamp at a certain low frequency 
by viewing a large surface illuminated by the lamp we would 
find that as the distance between the lamp and the surface in¬ 
creased the flicker would become less and less perceptible, dimin¬ 
ishing with the intensity of illumination until, beyond a’ certain 
value of illumination no flicker could be detected. This charac¬ 
teristic of the eye enables comparatively low frequencies to be 
used successfully with low values of illumination. 
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The question of flicker is perhaps of most importance in con¬ 
nection with street series lighting, since, in ordinary multiple 
lighting, higher frequencies are usually employed. The street 
series tungsten should prove capable of successful operation at 
comparatively low frequencies for two reasons; first, the filament 
is heavy, which tends to reduce the variation in candle-power 
throughout a cycle; and second, the low value of illumination 
generally used in street lighting would tend to make any varai- 
tion in intensity of illumination less perceptible to the eye. 
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REPORT OF THE BOARD OP DIRECTORS FOR THE FISCAL 

YEAR ENDING APRIL 30, 1910. 

The Board of Directors of the American Institute of Electrical Engi¬ 
neers presents herewith for the information of the membership its annual 
report for the fiscal year ending April 30, 1910. The report shows the 
financial status of the Institute, and includes brief statements regardin-^ 
the work accomplished by the various standing and special committees” 
The Annual Convention was held at Frontenac, New York, June 28- 
July 1, 1909. The total registered attendance was 252. Thirty-six 

professional papers, including the President’s annual address were pre¬ 
sented and discussed. ^ 

The Board of Directors has held 10 regular monthly meetings during 

iC M63.r. 

’fP°rtant changes in the policy of the Institute were 
.-tcted dunng the year. Among these was the action resulting from 
the proposed formation of technical sections, the object of the movement 
bemg to broaden the work and scope of the InstLte so as to c^ve^ 

mendariorof engineering. Upon recom- 

rtSions n?'' November 12, 1909. adopted 

m ttee, to oToZTf ^'^^itional special com- 

ittees, to promote Institute activity in their respective fields this be 

mg determined upon as the best means of meeting tL situatioT’ 
hoSliTfT'^.-. ’ resolutions authorizing the 

President Stillwell printed in the April 1910 Proceedings ^ 

tions were printed in full in the February Loceedings T 

rerruri;\t toTro^re™ s bZ": 

on Januaiy 14, 1910, related to^he^pubUcZn'rf^^T*'^'^ 1 ^^ 

tions in the Institute Proceedings^ T1ie=^ ^ informal communica- 

full in the February 1910 issue * ' resolutions were printed in 

Another important act of the Board dnr;„» 
wider distinction between the Institute Pp^e ^ create 

This was discussed at the meetincr of the Transactions. 

Papers and Editing Committees to sdect fromthr? Meetings and 

cation in the Transactions only such nZ ^ ^’^°'=®=dings for publi- 
be deemed worthy of permanent ree ? ^ discussions as might 

no distinction is to be made between”^ n making such selection 

Convention or monthly meetings of at the Annual 

at any meeting of Vi»“f«.fs« “! *■«>« p™.o„«d 
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Closer relations between the Institute and the Sections and Branches 
have been established during the year by the action of the Board in 
authorizing the Secretary to make a tour of the Pacific Coast and arrange 
to meet as many western members as possible. This tour was most suc¬ 
cessful, as may be judged by the Secretary’s report to President Still¬ 
well, published in the November Proceedings. In carrying out this 
policy the Secretary during the year has visited meetings or conferred 
with groups of members at the following places, in most of which Sections 
and Branches existed or have since been organized: Seattle, Portland, 
Oregon; San Francisco; Los Angeles; Salt Lake City; St. Louis; Washing¬ 
ton, D. C.; Boston, Mass.; Philadelphia; Urbana, Illinois; Chicago: Ames, 
Iowa; St Paul; Madison, Wisconsin; Milwaukee; Fort Wayne; Lewis 
Institute, Chicago; Armour Institute, Chicago; Charlotte, N. C.; and 
Pittsfield, Mass., involving a total of approximately 17,000 miles of 
distance travelled. 

Sections Committee..—The Sections Committee is able to report very 
satisfactory progress in the work of the Sections and Branches during the 
past year, and a healthful state of affairs at the present time. 

Two new Sections have been authorized during the year—one at Port¬ 
land, Oregon, on May 18, 1909, and the other at Milwaukee, Wis., on 
February 11, 1910. The Milwaukee Section is undertaking an im¬ 
portant development in Section work by cooperating with a local engi¬ 
neering society and local sections of other national engineering societies 
in such a manner that the efforts of all of these various engineering bodies 
shall be combined into a harmonious whole, so far as that particular lo¬ 
cality is concerned. 

Five new Branches have been organized during the year, as follows: 

State University of Iowa, May 18, 1909. 

Agricultural and Mechanical College of Texas, November 12, 1909. 

Rensselaer Pol 5 rtechnic Institute, Troy, N. Y., November 12, 1909. 

Colorado State Agricultural College, February 11, 1910. 

North Carolina College of Agriculture and Mechanic Arts, 
February 11, 1910. 

The following table will serve to show the activities of the Sections and 
Branches for the past three years: 



Fo: 

r Year Endii 

ag 

Sections 

May 1, 
1908 

May 1, 
1909 

May 1. 
1910 


21 

24 

25 


141 

169 

187 


120 

167 

178 

Unginai papers presenLcu... 

7,476 

16,427 

16.694 

Branches 

22 

26 

31 

JNuniDer oi xsrancnes....* ‘*. 

143 

198 

237 


84 

158 

147 

Original papers .. 

4,128 

8.443 

10,255 















1732 


REPORT OF BOARD OF DIRECTORS 


[May 17 


Meetings and Papers Committee.—The organization of the Meetings and 
Papers Committee has been materially changed during the past year by 
the appointment of the chairmen of the special technical committees to 
membership on the Meetings and Papers Committee and the enlargement 
of special committees. A further change has been made in holding the 
special technical committees responsible through their chairmen for In¬ 
stitute activity in the several branches of electrical science covered, by 
them. It was also decided, early in the year, with the approval of the 
Board of Directors, to hold Institute meetings in different sections of the 
country, to encourage and develop interest and activity in the Institute 
work among the entire membership. The result of these changes in 
organization and methods has been a gratifying increased activity iii the 
Institute work and the broadening of the scope and influence of the 
Institute. 

During the past year this committee arranged for eight regular meetings, 
two largely attended special meetings, one at Charlotte and the other at 
San Francisco, the latter under the auspices of the High-Tension Trans¬ 
mission Committee. An adequate number of interesting papers were pre¬ 
sented. These meetings partook of the general character of conven¬ 
tions. Two meetings were also held in cooperation with the American 
Society of Mechanical Engineers and two additional special meetings 
were held, one at New York and one at Boston. 


Educational Committee.—The work of this committee for the year 
has consisted principally of arranging the April meeting of the In¬ 
stitute at New York, at which a paper on the subject of “ Education for 

Leadership in Electrical Engineering ” was presented by Dr. Samuel 
bheldon. 

The committee desires to emphasize the fact that the Institute has 
een rnore active in giving attention to educational matters than any of 
the other professional engineering organizations in the United States 

of th! I “ important factor in the development 


Lighting Coi^ittee.— Regular monthly meetings of the com- 

^Se?Ior tlT committee has 

Stef at th! M ^l^^tric 

bftte comf obtained 

by the committee for presentation at the 1910 Convention 

unSftifrrntelrofTf C°““ittee.-An Institute meeting was held 

mittee also Sid ““ 7 «ee on December 16, 1909. The com- 

mittee also assisted in the Charlotte meeting and arranged for a Pacific 

1910 San Francisco. California, May 5-7 

oSd bf iLf f interesting discussion were 

practically aU of the Sections and Brancl^ have LvotU’^ coz^ttee 

year to industrial power subiects rf m ^ 

in New York was LlI Lder f Institute 

• Join. rae.4Vgirrprjr:6°^?vT“2 “ 

held in New York on Anril 12 IQin i ’• “®eting was also 

Society of Mechanit.1 Ingine^s. AfafeTpr^now 
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collect the papers on the subject presented before the various Sections, 
with the idea of publishing them in book form if feasible. 

Railway Committee. —The Railway Committee has been active in ob¬ 
taining papers in its field during the past year. Two Institute meetings, 
devoted to railway subjects, were held in New York under its auspices, 
and the committee has arranged for a special meeting to be held in New 
York on May 27, 1910. The committee has broken considerable new 


ground and will have several subjects to transmit to next year’s com¬ 
mittee through the Board of Directors, Among these is a suggestion for 
a change in policy in the manner of conducting a number of special meet¬ 
ings under the auspices of the Committee next year. 

Telegraphy and Telephony Committee. —The meeting of the Institute 
at New York on February 11, 1910 was held under the auspices of this 
committee. A paper was presented dealing with modern automatic tele¬ 
phone apparatus. 

Editing Committee. --Since May 1, 1909, there have been edited and 
published 12 numbers of the Proceedings. • The total number of pages 


contained in these Proceedings is 2,262. Of this total, 402 pages liave 
appeared in Section I, and 1,860 pages in Section 11. Of the RSGO pages 
in Section II, 1,257 pages were devoted to technical pai^ei’s, and 556 j)ages 
to discussions. Volume XXVIII of the Transactions, consisting of 
the papers and discussions during the calendar year 1909 and the report 
of the Board of Directors for the fiscal year ending April 30, 1909, contains 
1,572 pages. Volume XXVIII will be issued in two parts, Ikii*t I, 
consisting of 752 pages, will contain the papers and discussions |)res(Mit cd 
between January 1, 1909, and the session of June 29, 1909, at the Fron- 
tenac Convention. Part 11, consivSting of 820 pages, will contain tlic pap¬ 
ers and discussions presented between the session of June 29, 1909 at 
the Frontenac Convention, and December 31, 1909; also the |,)a|)er read 
by Mr. H. G. Stott before the Toronto vSection on Decemlier 18, 1908. 

hrom May 1, 1909 to April 30, 1910 there have been jiublishcd in full 
in the Proceedings five pajiers i*cad befoi*e various Sections and Branclie.s, 
in addition to four abstracts of such papers, which aj)|jcarcd in Part I 
of the Proceedings. 


I he Editing Committee has gone carefully over the discussions wliiciii 
have been submitted by the Sections and Branches, and has also given 
its attention to the discussions presented at the New York niectiiigs, to 
the end that much matter of temporary value has been eliniinated and a 
higher standard of composition as well as material has been xviaiiitainetl. 
The committee has had under consideration the introduction of metric 
ec|uivalcnts in the Institute publications, and has rccoiiimciulcd to the 
Board of Directors that the suggestion of the Standards Committee 
relating to metric equivalents be given a trial should the Meetings 
and Papers Committee concur. The Editing Committee also has under 
consideration the publication of the material presented at joint meetings 
with other societies. 

Standards Committee.— The Standards Committee has held five meet¬ 
ings in ^ New York during the year. The committee has not undertaken 
a revision of the Standardization Rules this year, but has confined its 
work in that direction to preparing a separate list of recommended addi- 
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tions and amendments to the rules. This list is being prepared, and will 
be submitted at a later date. 

The committee has had under consideration a revision of the Institute 
Copper Wire Table. Prior to undertaking this work, however, the 
committee consulted the Bureau of Standards concerning the most 
reliable and advantageous data to employ. The Bureau has taken 
these questions under consideration. 

At its meeting held on December 16, 1909, the committee voted to 
recommend to the President and Board of Directors of the Institute the 
adoption of a by-law providing that metric equivalents shall be printed 
in parentheses after numerical expressions in English units in the In¬ 
stitute publications. This vote was communicated to the President on 
January 5, 1910, and the recommendation is now being jointly considered 
in conference between the Editing, and Meetings and Papers Committees, 

International Electrotechnical Commission.—The U. S. National Com¬ 
mittee of the International Electrotechnical Commission has held five 
meetings since December last. No convention or unofficial gathering of 
the Commission has been held during the year, but it is expected that an 
unofficial gathering will be held in Brussels in the week commencing 
August 7, 1910. 

The following countries are now represented by national committees 
on the Commission: Argentina, Austria-Hungary, Belgium, Canada, Den¬ 
mark, France, Germany, Great Britain, Italy, Japan, Mexico, Spain, 
Sweden, and the United States. 


Informal communications have been exchanged witli the General 
Secretary’s office in London on the subject of a tentative plan for initiating 
international standardization in the direction of stationary direct-current 


generators and motors for continuous-service constant-potential 0|)era- 
tion. 


Informal communications have also been exchanged with meml)ers 
of other national committees in regard to a proposed preliminary list of 
nine symbols for international adoption in electrical engineering, and tlie 
answers received have been very encouraging. 

It is hoped that international progress may l)e made by tlie Commission 
in both of the above directions; namely, towards internationa,! standardiza¬ 
tion of machinery, and towards international standardization of symbols 
used in electrical engineering. 

Library Committee.-—We submit herewith our report giving tlie more 
im-portant features of the growth and operation of the l^il>rary for the 
year ending April 30, 1910, together with a statement of tlie ])resent 
condition of the several funds and expenditures for the year. 

The gifts to the Library through its members and otliers liave reached 
a total of 975 volumes and pamphlets. 287 volumes have been added 
through purchase and 54 volumes have been received tlirougli extduange 
for the Proceedings of the Institute. The total additions arc tlierefore 
1320 titles. 

In the table of statistics given below a large number of |)iimplilets 
has been added which was received in the ]:)reviou.s yea,r l:)ut which 
had not been listed or accesvsioned at tlie time of tlie last :re|)ort. 

The total valuation is shown in the table below and a complete list of 




1735 


1910] REPORT OF BOARD OF DIRECTORS 


donors with the number of volumes or pamphlets presented by each is 
as follows: 


Donors 

ADAMS, S. C. 

AERONAUTIC SOCIETY OF NEW YORK. 

ALLEGEMEINE ELEKTRICITATS GESELLSCHRAPT 

ALMANNA SVENSKA ELEKTRISKA AKTIEBOLAGET. 

ALUMINIUM COMPANY OF AMERICA. 

AMERICAN CIVIC ASSOCIATION. 

AMERICAN INSTITUTE OF ARCHITECTS. 

AMERICAN MINING CONGRESS.. 

AMERICAN RAILWAY ASSOCIATION. 

AMERICAN SOCIETY OP AGRICULTURAL ENGINEERS. 

AMERICAN SOCIETY OP ENGINEERING CONTRACTORS. 

AMERICAN STREET AND INTERURBAN RAILWAY ASSOCIATION. . 

ARMSTRONG CORK COMPANY. 

ARNOLD, B. J. 

ASSOCIATION OF LICENSED AUTOMOBILE ENGINEERS. 

ASSOCIATION OF VERMONT ENGINEERS. 

BAEYER, O. V. 

BAKER ELECTRIC COMPANY. 

BENTLEY, E. M. 

BOSTON SOCIETY FOR CIVIL ENGINEERS.. 

BOSTON TRANSIT COMMISSION.. 

BROOKLYN ENGINEERS CLUB..'. 

BURCH, E. P. 

BUREAU OF LONGITUDE, PARIS. 

CALDWELL, EDWARD. 

CAMBRIDGE (MASS.) BRIDGE COMMISSIONERS.... 

CANADIAN ELECTRICAL ASSOCIATION. 

CANADIAN ENGINEER. 

CARNEGIE INSTITUTE OF WASHINGTON.. .. 

CARNEGIE LIBRARY OP PITTSBURGH .. 

CIVIC LEAGUE OF SAN FRANCISCO.. 

CLARK, MYRON C. PUBLISHING COMPANY. 

CLAYTON, W. B. AND CRAIG, J. W. 

CLEVELAND ENGINEERING SOCIETY .... 

COHRANE PUBLISHING COMPANY. 

COLUMBIA UNIVERSITY.... 

COMISION 4 CONGRESO CIENTIFICO (cHILE).. 

CONNECTICUT BUREAU OP LABOR. ... 

CUSHING, H. C., JR. 

ELECTRIC TRADES ASSOCIATION OP THE PACIFIC COAST. 

ELECTROCHEMICAL & METALLURGICAL INDUSTRY. 

ENGINEERS CLUB OF CENTRAL PENNSYLVANIA... 

ENGINEERS CLUB OF PHILADELPHIA.. . . 

ENGINEERS CLUB OF ST. LOUIS. 

ENGINEERS CLUB OF TORONTO.. 

ENGINEERING STANDARDS COMMITTEE.. 

FIDELITY & CASUALTY COMPANY OF NEW YORK.: . 

GENERAL ELECTRIC COMPANY (INCOMPLETE) .. 
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1 
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1 

5 
1 
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3 
7 
1 
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6 
1 
1 
1 
1 
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GESELLSCHAPT FUR DRAHTLOSE TELEGRAPHIE, BERLIN 

GILBRETH, F.B ... 

GUYE, P. A.. • • 

HEDENBERG, MR. 

HOPELI, .. 

HUELS, P. .. 

HUNTINGTON, MR. 

l’industrie des tramways et chemins de per. 

INSURANCE SOCIETY OP NEW YORK. 

international AMERICAN SCIENTIFIC CONGRESS. 

ISOLATED PLANT COMPANY. 

JENKS, W. .. 


KANSAS GAS, WATER, ELECTRIC LIGHT & STREET RAILWAY 

ASSOCIATION. 

KANSAS UNIVERSITY & ENGINEERING EXPERIMENT STATION. . 

KENNELLY, A. .. 

KING, MOSES. 

LEWIS INSTITUTE. 

MCMILLAN COMPANY. 

MAILLOUX, C. .. 

MARTIN, JOHN. 

MARTIN, T. .. 

MASSACHUSETTS GAS & ELECTRIC LIGHT COMMISSIONERS. 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY. 

MCGRAW-HILL BOOK COMPANY. 

MICHIGAN ELECTRIC ASSOCIATION. 

MONTANA STATE COLLEGE OP AGRICULTURE & MECHANICS ARTS 

MUNICIPAL SCHOOL OF TECHNOLOGY MANCHESTER. 

MUNICIPAL ENGINEERS IN THE CITY OF NEW YORK. 

NATIONAL ASSOCIATION OF CEMENT USERS. 

NAIONAL ASSOCIATION OF COTTON MANUFACTURERS. 

NATTIONAL FIRE PROTECTION ASSOCIATION, BOSTON. 


1 

1 

5 

1 

1 

3 

1 

1 

10 

1 

1 

117 

1 

1 

2 

2 

1 

1 

1 


NATIONAL SOCIETY FOR THE PROMOTION OF INDUSTRIAL EDUCA¬ 


TION .. 

NEW ORLEANS SEWERAGE & WATER BOARD. 

NEW YORK CITY BOARD OF MAGISTRATES... 

NEW YORK PUBLIC SERVICE COMMISSION, 2ND DISTRICT. 

NEW YORK PUBLIC SERVICE COMMISSION, IST DISTRICT. 

NEW YORK STATE EDUCATIONAL DEPARTMENT.. . . 

NEW YORK STATE LABOR DEPARTMENT. 

NEW YORK STATE WATER SUPPLY COMMISSION.. 

NEW YORK ELECTRICAL SOCIETY. 

NEW YORK UNIVERSITY. 

OHIO INDEPENDENT TELEPHONE ASSOCIATION. 

PFUND, RICHARD. 

PERU MINISTERO DB FOMBNTO... 


PHYSIKALISCH TBCHNISCHBN RBISHSANSTALT . , 
PITTSBURG CHAMBER OP COMMERCE. 






POTAMIAN BRO. 

ROBSON & ADEB . . . .. 

ROCHESTER ENGINEERING SOCIETY . ,, . 


• * * 




1 

1 

22 

15 

2 

1 
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1 

1 

3 

3 

1 

13 
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SHELDON, SAMUEL. 1 

SIEBEL, F. P .. I 

SOCIETE INDUSTRIELLE DE l’eST NANCY. 1 

SOCIETY OP NAVAL ARCHITECTS & MARINE ENGINEERS. 11 

SPON & CHAMBERLAIN. 4 

SPRINGER, J. 1 

STONE & WEBSTER. 1 

SUBMARINE SIGNAL COMPANY. .. 9 

SYDNEY UNIVERSITY ENGINEERING SOCIETY. 1 

TELEPUNKEN WIRELESS TELEGRAPH COMPANY. 27 

TELEGRAPHIC HISTORIAL SOCIETY OF NORTH AMERICA. 2 

THOMPSON, S. 1 

TRAUTWINE J. C., JR. & J. C. 3rD. 2 

U. S. CENSUS BUREAU. 2 

U. S. COAST & GEODETIC SURVEY. 8 

U. S. GEOLOGICAL SURVEY. 8 

U. S. INTERSTATE COMMERCE COMMISSION. 1 

U. S. LIBRARY OF CONGRESS. 4 

U. S. NAVY DEPARTMENT. 2 

U. S. STEAM ENGINEERING BUREAU. 1 

U. S. WAR DEPARTMENT. 1 

UNIVERSITY OP ILLINOIS—ENGINEERING EXPERIMENTAL STA¬ 
TION (12 NOS. I VOL.). 12 

UNIVERSITY OP OKLAHOMA. 2 

UTAH UNIVERSITY OF ENGINEERS. 1 

VAIL, T. N. 1 

VAN NOSTRAND D. & COMPANY. 8 

VILLARS, GAUTHIER. 1 

WEAVER, W. D. 2 

WENTWORTH, MR. 1 

WESTERN ELECTRIC COMPANY. 482 

WESTERN UNION TELEGRAPH COMPANY. 1 

WESTINGHOUSE ELECTRIC & MANUFACTURING COMPANY. 2 

WILEY, JOHN & SONS.. . .. 1 

WIRELESS INSTITUTE OF NEW YORK. 1 

WISCONSIN RAILROAD COMMISSION. 1 

WORCESTER POLYTECHNIC INSTITUTE. 1 

WYNKOOP, H. S. 1 

DONORS UNKNOWN. 30 

- 979 

Other Accessions: 

Purchases. 287 

Exchanges—. 54 341 


Total Accessions..1320 

In the report of one year ago there was outlined a new arrangement 
under which the library staff had been working. This same arrange¬ 
ment has continued this year with the same staff of employees. 

The following tabulation gives the state of the five funds from, which 
the Library committee is entitled to draw. 
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Donations (General Library Fund) 


Dr. Cr. 

Balance May 1, 1909.$251.51 

Interest May 1, 1910. 6.53 Unexpended. 


$258.04 


$258.04 


$258.04 


Mailloux Endowment Fund ($1,000) 

(Proceeds for the maintenance of certain sets of periodical publications. 
Balance May 1, 1910.$30.35 

Interest May 1, 1910.$30.00 Unexpended.$60.35 

$60.35 $60.35 


International Electrical Congress of St. Louis, 

Invested in New York City 4.];% Bonds. 

Additions to the fund. 

Total fund. 

Balance on hand May 1, 1909.$124.72 Expended. 

Interest to May 1, 1910. 90.00 Unexpended. 


214.72 


Fund 



$2293.80 


129.12 

214.72 


Weaver Fund. 

Balance on hand May 1, 1909.$65.44 Unexpended 


$65.44 


$65.44 


65, 


Institute Appropriation Account. 


Dr. 

Appropriation for the year ending 
October 1, 1910.$3,500.00 





Cr. 

Librarian and assistants.$ 1,569.61) 

Cataloguing. 255. OE 

Desk attendant.. 138.67 

Insurance. 80.33 

Binding. 377.25 

Books. 301.50 

Sul)sci*iptions. 258,75 

Fu rnitu re and I<'itures. 167.72 

M iscellaneous. 116.80 


$3,265.73 

U nexi )ended. 234.27 


$3,500.00 


$3,500.00 



the following tabulation: 

STATISTICS OF LIBRARY, MAY 1, 1910 


Source 

Volume.^ 

Pain- 

phlet.s 

Valuations 

Report of May 1, 1909. 

13,615 

565 

$24,506.23 

Piirr'lin QAft ... 

287 


522.94 

Gifts and exchanges.. 

1063 


769.95 

Old material accessioned. 

! 

714 

100.00 


14865 

1279 

$25,959.12 
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In the following table are given the figures for the total valuation of the 


library property: 

Books..$25,959.12 

Stacks. 1,761.05 

Furniture, Catalogues, cases, etc. 376.00 1 


$28,096.17 


Libr.a-RY Attendance 


i 

1 

Day 

Night 

Total 

May 1909.. 

462 

221 

683 

June “ .. 

484 

198 

682 

July “ . 

472 

Closed 

472 

August “ . 

472 

Closed 

472 

September “ . 

434 

220 

654 

October “ . 

471 

238 

709 


479 

223 

702 

December “ ... 

545 

301 

846 


460 

286 

746 


416 

232 

648 


439 

256 

695 

April “ . 

488 

272 

760 

Total May 1909-April 1910.. 

5622 

2447 

8069 


New Indexing 

The very valuable set of telephone litigation records presented to the 
library a few years ago, comprising about 100 volumes have been thor¬ 
oughly catalogued during the year. The total number of card entries 
required for this set was about 1300 and these are now incorporated in the 

general card catalogue of the library. 

The general catalogue has also been increased by the addition of cards 
bearing all of the entries in the two-volume bibliography of the Wheeler 
collection published last year. 

The splendid gift of the Western Electric Company deserves special 
mention. This consists of 482 volumes of United States Patent Office 
Certified Specifications, including a copy of every specification from 
May 30, 1871 to March 1896 and of every electrical specification from 
July 1887 to December 1907. The set makes a splendid foundation for 
a patent library. During the year the volumes of certified specifications 
from April 1896 to December 1906 were purchased, making the set now 
in the library complete from the beginning of the certified senes to the 
end of 1906, and it is expected this will soon be brought up to date. 

Another gift worthy of special, mention is the Diary of Samuel F. B. 
Morse presented by Mr. Thomas A. Edison. This diary is 13 inches in 
length by 8 inches in width, a formal book of white ruled paper bound in 
stiff boards. The book contains some 45 pages of copies of official cor¬ 
respondence with the United States Treasury by Morse as Superintendent 
of Electromagnetic Telegraphs, followed by about 8 pages of persona 
notes. The dates range through 1843 and 1844 while some of the later 
entries are made in 1848. A full and sympathetic descnption by Mr. T. C. 
Martin of this interesting book with fac similes of some of its en ries is 
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printed in the Metropolitan Magazine for April 1910, under the ap¬ 
propriate title “ From One Genius to Another; a forgotten diary of S. B. 
Morse and how it was found by Thomas A. Edison.” 

Mr, Edward D. Adams has continued his contributions to the library 
as in previous years by the donation of the Proceedings and Transac¬ 
tions of the Royal Society of London, and new volumes of the Inter¬ 
national Catalogue of Scientific Literature. He has also as heretofore 
had these volumes bound at his expense. 

The “ C. O. Mailloux Fund ” of $1000 has again been used to maintain 
the four important periodical sets which were originally presented to the 
library by Mr. Mailloux. 

Law Committee. —Various questions have been submitted to this com¬ 
mittee for consideration and report within the last year. The most 
important work of the committee, however, has been in connection with 
its report on the proposed formation of technical sections of the Institute, 
and its work in respect to the proposed amendments to the Constitution. 

Conservation of Natural Resources Committee. —Owing to the series of 
investigations which have been in progress in Washington during the 
greater i)art of the year, into affairs connected with the conservation of 
natural resources, the committee deemed it inadvisable to take any active 
part in connection with conservation until the above mentioned investiga¬ 
tions have been completed. 

Edison Medal Committee. —On May IS, 1909, the committee awarded 
to Trygve Jensen, a graduate student of the University of Illinois, the 
student Diploma of Merit and a cash sum of $150, for his record of re¬ 
search, entitled, ” Operation of a 100,000-volt Ti'ansformer.” 

The revised by-laws of the committee, made necessary by the new trust 
deed, executed on March 20, 190S, were approved by tlie Board of Direc¬ 
tors on May IS, 1909, and are now opei'ative. 

The work of the committee during the past year was particularly sig¬ 
nalized by the award of the Edison Medal for the first time since the trust 
creating the medal was established in 1904. The award, for the year 
1909, was made on December 16 last to Dr. Elihu Thomson, ” For Meii- 
torious Achievement in Electrical Engineering and Arts, as Exemplified 
in his Contributions Thereto During the Past Thirty Years.” The parch¬ 
ment certificate constituting the official notice of the award was jire- 
sented to Dr. Thomson at thb annual dinner of the Institute on February 
24, 1910, and the gold medal will be ready for presentation at the annual 
meeting on May 17. 

It is believed that the administrative affairs of the Medal Committee 
have now been brought into sucli efficient and woi'king order as to insure 
hereafter an annual award of the medal. 

John Fritz Medal Board of Award.~The John Fritz Medal for 1910 
is to be presented to Alfred Nolile, for notable achievements as a civil 
engineer. A special committee lias arranged for the presentation, which 
will be made in the fall of this year. Tliis will be the sixtli award of 
the Medal since its first presentation to Lord Kelvin in 1905. 

Board of Examiners.— The Board has held 10 meetings during tlie year 
It has considered and reported to the Board of Directors a total of 1,397 
applications for Associate election, Student enrolment, and transfer to 
the grade of Member. A summary of these applications is as follows: 
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Recommended for election as Associates. 814 

Recommended for enrolment as Students. 507 

Recommended for transfer to the grade of Member. 47 

Not recommended for election as Associates. 3 

Not recommended for transfer to the grade of Member. .. 26 

Total number of applications considered.1,397 


• The Board has received much assistance during the year from its 
Local Representatives, of which there are now seven, located in various 
cities in the United States, Canada, and Mexico. 

Membership Committee.—During the year this committee has been 
active in bringing the advantages of Institute membership to the atten¬ 
tion of desirable non-members. 

In response to the Committee’s general letter of November 8, 1909 
requesting the membership to submit names of desirable candidates for 
admission as Associates, over 1500 names were suggested. All of these 
were communicated with by letter, accompanied by printed matter 
regarding the work of the Institute, 

The number of applications received from November 1, 1909, at which 
time the present committee became active to April 30, 1910, is 558 and 
the total number received during the entire year is 848. 

The present total membership and the increase during the past year 
are indicated below: 



Hon. 

Mem. 

Mem. 

Assoc. 

Total 

_A_t5!ril 30 1909 ■ ■■■■iti----*-******** 

1 

607 

5,792 

6,400 



Additions: 

'M'ATxr AQCAoia+.PS .... 



910 


T'-ranafATTPrl ...... 


48 



Deductions: 

Died . 


6 

25 


R-esiffned ........................ 


2 

108 




6 

482 


T'TanafpTTAfl ......................... 



48 







T\4'A'rnT^Af5lii'D Anril 30 1910.- *• 

1 

641 

6,039 

6,681 






Net increase during the year in membership 


The net increase in membership was affected by the recent change in the 
by-laws. Formerly, a member could be in arrears for three years’ dues 
before being dropped from membership, but under the present by-laws 
any member who on May 1 is in arrears for one year’s dues is dropped 
as delinquent. This resulted in an unusually large number being 
dropped on May 1, 1909. 

Resignations .—The following Members and Associates have resigned 
during the year in good standing. 

Members.—Robert Hammond, F. M. Pedersen. 

Associates.—G. A. Archer, L. T. Arnold, E. R. Avery, J. W. Aylsworth, 
L. Beauchamp, A. C. Babson, W. A. Baehr, R. Balfour, A. Balsley, W. C. 
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Barnes, M. H. Bentley, H. Binney, C. O. Bourne, J. Broich, C. C. Brown, 
M. C. Canfield, Eugene Carpenter, S. D. Coffin, F. W. Conn, A. S. Cross, 
E. H. Cutler, E. W. Cutler, W. B. Dodds, W. A. Drysdale, H. S. Elliott, 
W. C. Farnell, C. H. Felker, W. S. Finlay, F. H. Foster, Thomas French, 
Jr., W. H, Glenn, E. W. Goffin, H. de C. Hamilton, W. L. Harraden, W. W, 
Harris, A. S. Hart, R. Hawxhurst, F. J. Heavens, G. Hellebuck, S. M. 
Henry, C. W. Hogan, M. B. Flolt, E. FI. Hoppenstadt, J. H. Hubbs, 
C. Huper, C. S. Jameson, A, S. Kellogg, A. D. Kenyon, W. A. Kohn, E. 
Landon, E. C. Laudenberger, M. LeBlanc, A. J. Lowndes, D. Lowson, 

G. W, MacDonald, H. R. Markel, H. B. Marsh, Flobart Mason, E. M, 
McCleary, J. H. McConnell, J. L. McKay, W. A. McTaggart, H. S. Meyer, 

H. M. Migenault, W. H. Miller, N. N. Moneypenny, H. B. Morrell, L. H. 
Mueller, J. E. Murphy, G. B. Nichols, J. P. O’Donohue, W. N. Parsons, 
W. W. Patrick, W. J. Peaker, J, Peterson, F. L. Pircher, C. H. Porter, 
R. H. Read, I. W. Reynolds, C. L. Riley, C. E. Robertson, E. E. Rojahn, 
C. R, Scott, L. M. Schmidt, H, H. Seaman, C. E. Sedgwick, Sebastian 
Senstius, G. A. Sherman, S. Aylmer-Small, O. C. Snider, W. M. Stine, 
FI. F. Strickland, A. E. Swan, A. S. Terry, G. C. Thomas, W. H. Tolman, 
G. A. Tower, L. Van Cott, J. Vandergande, J. H. Warder, F. Wenner, 
Jefferson Wetzler, R. Wilkander, S. E. Woodbury, L. M. Wright, A 
Wunderlich, R. E. Wyllie, L. G. Yochum. 

Total resignations, 110. 

Deaths .—The following deaths have occurred during the year: 
Members.—C. B. Dudley, A. A. Knudson, J. J. Mahoney, J, T. 
Marshall, Townsend Wolcott. 

Associates.—E. T. Alburger, Jr., F. C. Almond, J. W. Bridge, E. A. 
Briscoe, C. L. Buckingham, W. D. Buckman, H, J. Buddy, A. H. 
Demrich, T. Hirokawa, S. J. Houston, J. R. Jacobson, G. A. Joffe, 
A. P. Kennedy, D. Kos, I. Loveridge, W. W. Lyon, Jr., Robert Mitchell, 
A. W. K, Pierce, C. J. Toerring, J. C. Reilly, Ralph Scott, F. N. 
Simpson, G. W. Thompson, F. ,G. Tracy, FI. E. Wagganan, C. I. 
Zimmerman. 
i Total deaths, 31. 

Delinquent .—Dropped as delinquent during the year, 482. 

Building Fund.—The amount collected from subscribers during the 
year was $2,552.15. The interest on the bank balances amounted to 
$585.25. These items make a total to the credit of the Building Fund 
during the year, of $3,137.40. A payment of $27,000. on account of the 
principal of the mortgage, was made during the year. 


LAND, BUILDING AND ENDOWMENT FUND. 


Receipts. 

Before appointment of Com¬ 
mittee....$ 6,100.00 

Collected by Committee. 145,881.05 

Interest on balances. 5,967.01 

Reimbursement by Institute... 9,221.95 


Disbursements. 

Paid United Engineering So¬ 
ciety, acct. of contract. $ 8,000.00 

Paid United Engineering So- 

ciety, acct. of mortgage. 126,000.00 

Paid United Engineering So¬ 
ciety, acct. of interest. 19,529.45 

Expenses of Committee. 10,440,73 

Balance in bank, May 1, 1910.. 3,199.83 


Total 


$167,170.01 


Total 


$167,170.01 
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RECEIPTS AND DISBURSEMENTS PER YEAR PER MEMBER. 

During each fiscal year for the past seven years. 

Year..... 1904 1905 1906 1907 1908 1909 1910 

Membership, April 30th, each year. 3027 3460 3870 4521 5674 6400 66S1 

Receipts per Member. $13.66 $12.32 $12.77 $12.21 $13.01 $13.21 $13.35 

Disbursements per Member: $12.02 $10.72 $10.48 $11.62 $11.73 $10.49 $12.03 

Credit Balance per Member. $0.64 $1.60 $2.29 .59 $1.28 2.72 1.32 

Finance Committee.—The following correspondence and financial state¬ 
ments form a complete summary of the work of this Committee. 

May 17, 1910. 

Mr. Lewis B. Stillwell, 

President American Institute of Electrical Engineers, 

No. 33 West 39th Street, New York City, N. Y. 

Dear Sir: In accordance with past practice, your Finance Committee 
respectfully submits the following annual report : 

Duiing the past year the Committee has held monthly meetings, has 
passed upon the expenditures of the Institute for various purposes, 
and otherwise has performed the duties prescribed for it in the Constitu¬ 
tion and By-Laws. Messrs. Peirce, Struss & Company, the charter^ 
accountants, have audited the Institute books, and attached hereto is 

their certificate of the Institute’s finances. ^ 

In company with your Treasurer and a member of the firm of chartered 
accountants, the Committee has examined the securities held by the 
Institute, and find them to be as stated in the accountants’ report. 

It is of interest to call attention to an additional payment of $27,000 
towards the liquidation of the Institute indebtedness on the land on which 
the United Engineering Society’s Building stands. By the payment of 
this sum, w^e have anticipated our obligations up to 1919, thereby pro¬ 
portionately reducing the annual interest payment. ^ 

In closing this report it seems proper to call attention to the fact, that 
the income for the Institute, estimated for the year in advance, has been 
exceeded by the actual income, so that even with an increased budget of 
expenditures by reason of the Institute’s extended activities, it has been 

possible to close the fiscal year with a comfortable surplus. 

Respectfully submitted, 

Calvert Townley, 

Chairman Finance Committee. 


New York, May 10, 1910. 

Mr. Calvert Townley, 

Chairman Committee on Finance. ^ j* j u 

Dear Sir: In accordance with your instructions, we have audited the 
books and accounts of the American Institute of Electrical Engineers or 

the year ended April 30, 1910. ^ 

The results of this examination are presented in four exhibits, attached 

hereto, as follows: 

Exhibit A. Balance Sheet, April 30, 1910. 

Exhibit B. Receipts and Disbursements for general purposes for year 
ended April 30, 1910. 
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Exhibit C. Receipts and Donations for designated purposes also 
expenditures for year ended April 30, 1910. 

Exhibit D. Condensed Cash Statement. 

We beg to present attached hereto our certificate to the aforesaid 
exhibits. 

Yours very truly, 

(Signed) Peirce, Struss & Co. 
Certified Public Accountants. 


New York, May 10, 1910. 

Mr, Calvert Townley, 

Chairman, Committee on Finance. 

Dear Sir: Having audited the books and accounts of the American 
Institute of Electrical Engineers for the year ended April 30, 1910, we 
hereby certify that the accompanying Balance Sheet is a true exhibit of 
its financial condition as of April 30, 1910, and that the accompanying 
statements of Cash Receipts and Disbursements are correct. 

(Signed) Peirce, Struss & Co. 


Certified Public Accountants. 



1910] 


REPORT OF BOARD OF DIRECTORS 


1745 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 
Balance Sheet, April 30 , 1910 . 


Exhibit A. 


Assets. 


Cash: 

Land, Building and 
Endowment Fund 
General Library fund 
Compounded Mem¬ 
bership fund—.. 
Mailloux fund, prin¬ 
cipal. 


$3,199.83 

258.04 

5,018.24 

1,000.00 


General Cash in bank 
Mailloux fund, inter¬ 
est... 

Weaver donation.... 
International Elec. 
Confess of St. 
Louis Library fund, 
interest. 


17,802.98 

60.35 

65.44 


154.92 


$9,476.11 


Total cash deposit.. 
Secretary’s petty 
cash on hand. 


18,083.69 

750.00 


Land, Building and 
Endowment fund, 
accrued interest.. 70.37 

General Library fund 

accrued interest.. 2.69 

Compounded Mem¬ 
bership fund ac¬ 
crued interest. 58.31 

International Elec¬ 
trical Congress of 
St. Louis, 1904, 

Library Fund ac¬ 
crued interest.... 45.00 


International Elec¬ 
trical Congress of 
St. Louis 1904, 
Library Fund, 
Bonds. 


2,268.00 


New York City 4^% 

Gold Bonds. 

Premium on bonds. 


30,000.00 

1,952.50 


Westinghouse Elec¬ 
tric & Mfg. Co’s. 

stock.. 

Equity in En^neer- 
ingSocieties Build¬ 
ing (25 to 33 West 

39th St.). 

One-third cost of 
land (25 to 33 
West 39th St.).... 


353,346.61 

180,000.00 


18,833.69 


176.37 

2,268.00 

31,952.50 

50.00 


533,346.61 


Library Volumes and 

Fixtures. 

Transactions. 

Ofl&ce Furniture and 

Fixtures. 

Works of Art, Paint¬ 
ings, etc. 

Badges. 


27,309.14 

7.446.25 

6,692.20 

2,543.60 

517.05 


Accounts Receivable: 
Members for current 

dues. 

Members for past 
dues, suspense ac¬ 
count. 

Members for entrance 

fees... 

Miscellaneous. 

For Advertising.... 
Accrued interest on 

Bonds. 

Accrued interest on 
bank balance. 


660.00 


7,794.00 

325.00 

494.18 

2.356.25 

675.00 

219.25 


44,508.24 


12,523.68 


Liabilities and 


Funds: 

Land, Building and 
Endowment Fund 
General Library 

Fund. 

Compounded Mem¬ 
bership Fund. 

MaiUoux Fund. 

International Elec¬ 
trical Congress of 
St. Louis 1904, 
Library Fund: 

Bonds.. 

Cash, on deposit. 
Accrued Interest. 


Surplus. 


$3,270.20 

260.73 

5,076.55 

1,060.35 


2,268.00 

154.92 

45.00 

-$12,135.75 


Reserve, for Furni¬ 
ture and Fixtures. 

Accounts payable, 
subject to approval 
by the Finance 
Committee....... 

United En sneering 
Society (for cost 
of land). 


1,568.78 

4,558.34 

54,000.00 


Total Liabilities.. 


72,262.87 


Surplus: 

In Cash. 17,802.98 

New YorkCity bonds 31,952.50 
In property and ac¬ 
counts receivable. 531,116.85 


580.872.33 



Total Assets 


$653,135.20 


Total Liabilities and surplus.$653,135.20 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 

Receipts akd Disbursements for General Purposes for Year 

Ended April 30, 1910. 

Exhibit B. 


Entrance Pees., 
Current Dues.., 

Past Dues. 

Advance Dues., 
Students Dues. 
Transfer Fees.. 
Badges. 


Receipts. 

.$4,205.00 

.59,943.37 

. 5,541.75 

. 112.50 

. 3,984.00 

. 500.00 

.. 1,875.00 


Sales, Transactions, etc. 1,477.43 
Subscriptions, Proceed¬ 
ings... 1,0(59.57 

Advertising. 7,727.00 

Binding. 130.10 

Exchange. 20.74 


70,221.02 


Interest: 

Bonds.. 1,350.00 

Bank Balance. 591.42 

- 12.978.20 



$89,199.88 


Disbursements. 

Stationery and Print¬ 
ing.$2,924.98 

Postage. 2,400.81 

General Expenses. 2,350.07 

Meeting Expenses.3,318.54 

Section Meetings. 7,257.99 

Badges purchased. 1,094.74 

Salaries. 9,915.50 

Interest on Mtgc. 3,240.00 

Bibliography. 741. IB 

Office i^urniture. 497.05 

Advertising Expense. .. 3,207.38 
Year Book and Cata¬ 
logue. 2,016.16 

Expre.ss. 400.47 

Miscellaneous. 20.70 

——■-$40,778.77 

Proceedings : 

Printing, paper, bind¬ 
ing, engraving.10,090.80 

Salaries... 3,400.00 

19,496.86 

TransactioNvS: 

Vol. 27. 8,623.40 

Vol. 28. 2,595,87 

I./IBRARY (including salaries).... 3,206 73 

United Engineering Society, , 
Asses.sments for office space... 5,333.35 


'Fotal. 80.094.04 

Exce.ss Receipts over Disburse¬ 
ments. .... 9,105.84 


$89,199.88 




























1910] 


REPORT OF BOARD OF DIRECTORS 


1747 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 


Receipts and Donations for Designated Purposes, also Expendi¬ 
tures FOR Year Ended April 30, 1910. 


Exhibit C. 

Receipts. 

Land, Building and Endowment Fund, Donations, Interest, etc.. $3,137.40 

General Library Fund, Interest. 

Compounded Membership Fund, Interest. 189.54 

International Electrical Congress of St. Louis 1904, Library Fund, Dona¬ 
tions and interest. 115.80 

Mailloux Fund, Interest. 60.00 


Total.'.. $3,509.27 


ExPEimiTURES. 

Land Building, and Endowment Fund, on account of mortgage. 27,000.00 

Compounded Membership Fund....... .^. 

International Electrical Congress of St. Louis 1904 Library Fund. 8o.60 

Special Library account (to be reimbursed). 61.00 


Total 


$27,673.47 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS. 


Condensed Cash Statement. 


Exhibit D. 

Cash on deposit April 30, 1909. 

Secretary’s Petty Cash, April 30, 1909 


$42,868.16 

500.00 


Receipts for general purposes, Exhibit " B^”. , 
Receipts for designated purposes, Exhibit “ C ” 


89,199.88 

3,509.27 


$43,368.16 

92,709.15 


Disbursements for general purposes Exhibit ‘‘ B ” 
Expenditures for designated purposes, Exhibit “ C ’ 


80,094.04 

27,673.47 


$136,077.31 

107,767.51 


Balance on hand April 30, 1910. 

On deposit for designated purposes. Exhibit “ A *’ 

*On deposit in General cash, Exliibit “ A ’’.. 

Secretary’s Petty Cash, Exhibit “ A ’’. 


9,476.11 

18,083.69 

750.00 


28,309.80 


28.309.80 


Property acquired during the year, Office Furniture and Fix¬ 
tures.. ..*. 


497.65 


♦This includes the following unexpended balances: 

Mailloux Fund. 

Weaver Donation. V -V- 'A” a . 

Int. Elec. Congress of St. Louis Library Fund..... 


$60.35 

65.44 

154.92 


$280.71 


Respectfully submitted for the Board of Directors 

RALPH W. POPE, Secretary. 


New York, May 17, 1910. 
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